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ABSTRACT

The gaseous alkali halide molecules are of interest 

because they constitute a group particularly susceptible to 

theoretical interpretation. It does not seem to be too far

from the truth to regard them as systems of simple polarizable
1.2

ions*

An important molecular property is the dissociation 

energy, D(MX). In the case of the alkali halides, this 

may be determined either by spectroscopic or by thermochemical 

methods. However, although analyses of their ultraviolet 

absorption spectra have given fair estimates of the

dissociation energies , the method of analysis is here liable!f 
to systematic errors and is best used to get relative values.

The most reliable estimates of the energies of dissociation 

are therefore to be obtained from the thermochemical cycle 

which may be written

D(MX) = - Qf(MX) - A SH(MX) -i- ASH(M) + ^D(x )..

The quantities least well known in equations (1) for the 

alkali halides are often the heats of sublimation, Ag 

of the salts. There is at present available in several,cases 

Information only on the vapour pressure above the liquids at 

relatively high temperatures, and the corrections to give 

AsH298 are larSe and uncertain, and more so since the only values



commonly known for the heats of fusion are derived from

rather scanty information on freezing points in binary
5

systems,

On these grounds, the merits of determining 

by measuring the vapour pressures above the crystal at 

relatively low temperatures are obvious, in addition it has 

recently become clear that the interpretation of

measurements at higher pressures is not simple. There is
6 

now good evidence, both from electron impact studies, and
7from the observations of molecular beams, that the vapours

of the alkali halides consist by no means exclusively of 

monomers, MX, but also contain appreciable proportions 

of polymers, especially of (MX> 2 . It would be expected 

that at the low vapour pressures obtaining above the crystal, 

dimerisation would be relatively unimportant, and that 

reliable values of A H for the monomer*c species might be

obtained by simple treatments. In fact, the results given
i

below may be taken to indicate that this is the situation 

for caesium and rubidium fluorides, but that in lithium, 

sodium, and, to a larger extent in potassium fluorldej| 

dimerisation is significant even at pressures in the range 

1CT1* to 10~2 mm.



EXPERIMENTAL

Apparatus

The vapour pressures were determined by the torsion-
8   

fibre effusion method described by Barrow et al. However

it was necessary to work at considerably higher temperatures, 

and a new and somewhat different apparatus was constructed. 

The effusion vessel was contained in a translucent silica 

tube, closed at the bottom and provided with a flange at 

the top* Surrounding the tube was a furnace wound with 

resistance wire in four sections through which the current 

could be independently controlled. The distribution of 

temperature inside the tube was thoroughly explored in a 

series of preliminary experiments. Chromel-P-Alumel thermo­ 

couples, calibrated at the freezing-points of zinc, aluminium 

and silver were used. The effusion vessel itself hung in a 

constant temperature enclosure formed by radiation shields* 

The furnace was fitted with counterweights, and loading of the 

effusion vessel was accomplished by withdrawing the furnace 

and breaking the flange joint on to a water-cooled brass 

flange which carried the support for the quartz fibre* 

Angles of twist of the fibre were measured on a circular 

perspex scale which extended over about 110°. Movement of the 

effusion vessel could be damped magnetically. A radioactive 

source minimised the effects of stray electrostatic charges. 

The whole apparatus was mounted on supports designed to damp



vibrations transmitted through the laboratory floor, and was 

insulated from the rotary oil-pump. Residual pressures

within the apparatus were measured on an ionization gauge:
-5 

in satisfactory operation these were less than 10 mm.

Experiments to test the absolute calibration of the 

apparatus were carried out with potassium chloride in a

sljica effusion vessel. The fluorides, however, react with
9 silica at high temperatures, and graphite vessels were first

used. Although a great deal of effort was expended, it 

proved impossible to obtain consistent results with them. 

It was finally concluded that graphite is unsuitable for 

this purpose, first because it is difficult to free from 

magnetic impurities, and second because of its capacity for 

adsorption. A platinum vessel was then obtained whose 

behaviour was entirely satisfactory* 

Materials.

Lithium fluorlde of the highest purity is used for 

windows in vacuum ultraviolet spectroscopy. A sample was 

prepared by powdering a fragment of broken window.

The remaining alkali metal fluorides were prepared by 

adding a very slight excess of dilute hydrofluoric acid to 

the carbonate (of Analar quality or better) in a platinum dish, 

evaporating to dryness and heating the residue strongly to 

decompose any bifluoride present. Caesium bifluoride, the most



stable bifluorU e t is aaid to b® e«»pletc?l:/ dlseociated at
* *°

500 to 60Q°C.
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reoent litei»eture/ 2> 1i** 1 ^» 16, 17,



The equilibrium pressing p, is related to the angle of 

twist 0 by p = kG, where k = S/CKa^jX^ + a2f2x2^ : C is the 

torsion constant of the fibre, a-^ and a2 are the areas of 

effusion holes at distances x^ and x2 from the axis, and f^ 

and f are factors depending on the depth of the holes. 

Having determined k, the readings of Q obtained for potassium 

chloride were converted into values of the pressure. The 

results are illustrated in figure 1 where they are compared 

with the observations of other workers. The agreement is 

generally good f both in respect of the absolute magnitude of 

the pressure and in the slope of the graph of log p against ]

RESULTS AHD DISCUSSION

The results of the present experiments are 

summarised in table 1; The most striking feature is the 

extent of the disagreement between the results of the second

and third law calculations of A HortQ for lithium fluorides 290
(table 3)5 the second law result is no less than 5*5

higher than the third law value. This unusual discrepancy J

confirmed by less reliable results obtained with graphite
j

effusion vessels. The same trend is observed for other 

halides, although to a smaller extent, while for rubidium an<3 

caesium fluorides the second and third law estimates agree 

to within the expected limits of error*
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These discrepancies can largely be reconciled if account 

is taken of dimerisation in the gas phase. That the gaseous 

alkali halides consist not only of monomeric species has been 

demonstrated in particular by Friedman and by Miller and
n

Kusch . Friedman carried out a mass-spectrometric study 

of the vapour in equilibrium with lithium iodide in the

temperature range 633 to 758°K and found not only the
+ + + +

expected ions, Lil , Li and I , but also Li2I i the 

relative intensities indicated roughly equaj proportions of

Lil and Li^I- in the gas. Molecular beam magnetic resonance
24. 

observations had earlier given indications that for the

sodium halides some 25 to 75^ of the beams consist of dimers. 

Miller and Kusch analysed the velocity distributions among 

the molecules effusing through an aperture from an isothermal 

enclosure for ten alkali halides. No dimerisation was found 

for caesium chloride or bromide, but appreciable concentrations 

were detected in the cases of lithium chloride and bromide, 

sodium fluoride, chloride and iodide, potassium chloride and 

iodide and rubidium chloride. Observable concentrations 

of trimers were found for lithium chloride and bromide for 

sodium fluoride. Values of AE° for the reaction 2MX = (MX) 2 

at temperatures around 850°K ranged from -^2 to ~**8 Kcal.

The effects of dimerisation on the interpretation of the 

present results for lithium, sodium and potassium fluorides 

has been treated as follows. Values of the standard 

entropies of the gaseous dimers were estimated following the



25 
assumption that they take up a planar configuration with

an apex angle of 105° and with bond-distance greater by 

10$ than in the monomer. Vibrational contributions to the 

entropy were estimated assuming five stiff modes with

^ 0 = (r,/r0 ) f., (where subscripts and refer to 2 1 2 1» 12

monomer and dimer respectively) and one loose vibration with 

\) = 0,1 V If a value of AH (dimerisation) is assumed, 

values of the equilibrium constant between monomer and dimer 

may be calculated, and hence partial pressures of the two 

species. The value of AH (dimerisation) may then be varied 

so as to bring the second and third law estimates of 

A SH298 Into agreement.

The results of these calculations are given in tables 

2 and 3,

TABLE 2 

stance *§£*' pl> nm P2>  "  Wl <VT>2 AE
k L- kcal/moJe

LIP 1000 *f.l*f x 10"* 3.28 x 10^

iia 1.2. xicT2 1.57x10-2 ^ 70A 53
NaP 1030 7.10 x 10"^ 0.^5 x 10"*

1165 2.73 x 10^ 0.38 x 10^ ~" ' 7^ f8 52

KF 900 6.79 x 10"* 0.^5 x ler*

1020 2.lf7 x 10"2 0.31 x 10"k 5 "* 3

KC1 830 ^.88 x 10"* 1.59 x 10-1*
o 51.0

1.82 x 10""^ 0.7^ x 10"^



TABLE 3

VALUES OF A H
8

Kcal/mole

(i) 100$ monomer 
second lav third lav

52.72 
6**. 8 

67.1 
57.6
5^.83

KC1

LiF

NaF

KF

RbF

CaF

53.92

70.37

68.91

58.97

55.63

*f8.72

(ii) corrected for 
dimerisation, 

second lav third lav
53.92

66.7
67.9 
58.1
———

52.88
66.27
67.35 
57.77
———

Best 
value

52.88

66.3
67.3? 
57.8

5S.9
IfQ.l

Notes. 1. Miller and Kusch' find that for potassium chloride

in the same temperature range as in our experiments, 

p. is about 91$ of the total pressure, the third 

lav value has been corrected accordingly. 

2. If the second lav values for rubidium and caesium»,,-.

fluorides are assumed to be correct, then ve
«»T 1an<3 19«6 cal deg •*• mole""'1obtain S ( c )2o8 =

respectively, in fair agreement vith La timer's

estimates ^ of 17. ̂  e.u. for rubidium fluoride.,'

and 19.1 e.u. for caesium fluoride.



The estimates of the extent of dlmerisation are not to be 
regarded as more than semi-quantitative: they depend too 
strongly upon the second law values of the heats of 
sublimation for precise estimates to be made. For 
example, in the case of potassium chlorice, Miller and Kusch 
find that the partial pressure of monomer is constant at 
about 9l/£ of the total pressure in the temperature range 872 
to 967°K. while the present work gives about ^. However, 
since the heats of sublimation of monomer and dimer are so 
similar in this case, the method is very prone to errors in 
the experimental heat of sublimation by the second law. 
However, with this exception, the results are very reasonable. 
Dimerisation is of decreasing importance from lithium fluoride

 
to potassium fluoride and has not been detected in rubidium 
or caesium fluorides. The values found for the energies of 
dimerisation, ranging from 53 to ^5 Kcal mole" fit well with 
those obtained for the other halldes by Miller and Kusch. It 
seems that of all the alkali halides, lithium fluoride shows 
the greatest tendency to form dimers. Only in this case is 
the effect of dimerisation sufficient to change appreciably 
(by 1.5 Kcal), the value calculated from the third law on 
the assumption that the vapour consists solely of monomer.

The dissociation energies to ions of the alkali fluoride 
were calculated a) from a thermochemical cycle using the 
quantities given in circular 500 and the experimental heats of



sublimation, b) from Rittners theoretical model. The results 
are shown below and are compared with the spectroscopic 

values from Barrow and Gaunt (1953) 

TABLE V 

Heat of dissociation to ions.

kcaI/mole 

Rittner Thermochemical Barrow and Gaunt

LiF 
NaF 
KF 
RbF 
CsF

177.8
155.3 
1H0.6 
136.0 
132.1

175.1 
150.5 
135.6 
130.1 
123.8

1^0.7

Appendix

Using plates of high resolution, taken on s 21ft. 
grating by Professor P. B. Zeeman of the University of 
Stellenbosch, the rotational analysis of the *.
(Mulliken) system of C^ originally carried out by Landsverlf 
(1939) has bren extended. The combination differences for 
the ground state found by Phillips ( 19/48 ) from the 
system were combined with those from the present work to 
find accurate values of B and D for the lower state. 
It was hoped that perturbations of the singlet states by the 
triplet states might have made it possible to estimate the 
relative energies of the singlet and triplet states, but no 
evidence for perturbation was found.

The values of BV , Dy and VQ are given in Table 5 
below*



Table 5

v'v"

0

1
2

3
4
5

o
43226.97

43201 . 1 7

43175.52

43150.86
43128.13

43108.86

B w

1.8.1171,

1.79393

1.7757g

1 • 7558Q

1 . 7380^

1.7199

B'

1.82372 1

1.804937

1. 78589 6
1.7651 9

1 - 7474^
1 . 7295(

D Mx106

7.1475
7.190

7.233
7.50
7.5
7.5

D f x106

7.4815

7.518,

7.531
7.67

7.5
7.5
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GENERAL IHTROEOCTION

In order to further the study of the nature of chemical 

bonding, it is essential to have accurate values of the 

dissociation energies of simple molecules* The three main 

methods of determining dissociation energies use spectroscopic, 

thermo-chemical and electron impact techniques* Recently 

the shock wave technique has also been used to find 

dissociation energies*

In ideal cases, the spectroscopic method provides an 

exact and unambiguous value, as for the halogen, 0^ and JBL, 

molecules, but in most cases, the dissociation limit is not 

directly observable and the Birge-Sponer or some other 

extrapolation must be used which may lead, as in the case 

of the K^ molecule, to considerable error* A further 
drawback to the spectroscopic method is that it is necessary 
to know the states of excitation of the products of 

dissociation. Where these cannot be found from internal 

evidence, another value of the dissociation energy must be used 

in order to decide between the possible alternatives associated 

with the various possible energies of excitation*

In the therrao-chemical method the substance is taken 

through a series of reactions and physical changes which form



«t therrao-chemical cycle. If one of these reactions is the 

dissociation of the gaseous molecule to atoms, and the heats 

of reaction for all the other steps in the cycle are known, 

the heat of dissociation is easily calculated. The 

disadvantage of this method is that the answer contains the 

sura of ull the errors in the separate steps. However, this 

method is extremely valuable where the other methods fail. 

It is valuable for enabling a decision to be made between 

alternative spectroscopic values. It may also demonstrate 

the presence of maxima in the potential energy curves of 

molecules as for example in A1F.

In thermo-chemical cycles of this type, the least well 

known quantity is usually the heat of sublimation of the solid 

substance. The calculation of this requires accurate 

knowledge of the vapour pressure over a range of temperatures.

The alkali halidc a form a well defined class of substances 

which are amenable to theoretical treatment. Several 

theoretical treatments of the diatomic alkali halide molecule 

have appeared recently (Rittner (1952) Vsrshni (1957) Pauling 

(1956> Benson and Van derHoff (1954)) and the thermo-chemical 

data on the solid substances are now more complete. The 

spectroscopic method of finding the dissociation energy is 

not entirely satisfactory since the upper states are repulsive 

and only diffuse fluctuation bands are observed in the ultra



violet spectra. Interpretations oi the spectra are prone 

to large systematic errors and the thermo-cheraical method 

is preferable. For the alkali fluorides duta on the vapour 

pressure over the solid are scanty. Data exist for 

the vapour pressure over the liquid, but the agreement 

between the work oi the various authors is not very good. 

The heats of fusion mostly derive from measurements on the 

freezing points of binary mixtures, of doubtful accuracy; 

and the corrections to room temperature from the high 

experimental temperatures required for work on the liquids 

ere Icarge and uncertain. It seemed necessary therefore to 

measure the vapour pressure over the solid *.nd so determine 

the heat of sublimation directly. A further point is that 

considerable evidence now exists for the presence of polymers 

in the vapours oi the ulkali-h&»lides (Miller L.nd Kusch (1956)) 

though there is controversy about this (Xiemperer and Rice 

(1957)* Rice and Klemperer (1957)), which, unless their 

concentrations were known, would interfere with the calculation 

of the heat of sublimation. The concentration of polymers 

in the vapour would be expected to increase with pressure, 

therefore it is preferable to make themeasurements at the 

lowest pressures possible.

It was decided to investigate the vapour pressure over 

the solid alkali fluorides, on which there is little data,



la order to obtain accurate values of the dissociation energies 
of the diatomic alkali fluorides as tests for the theoretical 
treatments! and also in the hope of providing evidence 
about the existence of polymers in the vapours of these 
substances*

This thesis is divided into three parts - the first 
deals with the construction of the apparatus, the second with 
the results obtained and in the third, the binding energies 
of the alkali fluorides, and the existence of polymers in 
the vapours are discussed*

In an appendix, an extension of the analysis of the 
system of C^ originally carried out by landsverk (1939) is 
described. It was hoped to find perturbations which would 
lead to a knowledge of the relative energies of the ground 
states of the singlet and triplet systems*



PART I

CONSTRUCTION AND CALIBRATION OP THE APPALATUS
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INTRODUCTION

Since there are several excellent reviews of the 

general field of vapour pressure measurement, (Eucken (1935)f 

Ditchburn and Qilmour (19^1), Stttll (19^7)| Bushman (19**9>t 

Speiaer and Johnston (1950)) none will be attempted here*

When intending to carry out vapour pressure measurements*
-1 

it is necessary to decide whether a low « 10 mm) or a

high pressure ( > 1 mm.) method is to be used. The reasons 

for the choice of the former for work in this laboratory 

have been given by Jeffries (1952)• They arei

1) Observations are made at lower temperatures which 

are more easily obtained and measured•

2) The correction to be applied in converting the 

heat of sublimation at the experimental 

temperature to that at room temperature, will be 

smaller and errors due to the use of inaccurate 

thermal data will be correspondingly reduced•

3) It is often possible to make measurements on the 

solid. This removes the necessity for knowing 

the latent heat of fusion, which is seldom 

accurately known for inorganic compounds•

it) It is most commonly found that the vapour over a

condensed phase contains a higher proportion of plymers 

as the temperature rises (Brewer 1950).



Heis (192*0 described a method of measuring the vapour 

pressure of substances in the low pressure range in which 

the recoil force on the vessel due to molecules leaving it 

through a small hole was measured by the torsion in a 

fine quartz fibre• The method has b^en employed by 

Volmer (1931)i Neumann and Volker (1932), Balson (19^7) 

Wessel (1951) Searcy and Freeman (195*0 • The great 

advantage of the method over the usualw&ight-loss effusion 

techniques is its rapidity* The pressure is instantaneously 

measured| and a complete series of measurements over a wide 

pressure range is obtained in the time required for a very 

few points by the weight-loss method* Since the method 

gives the pressure directly without any assumptions concerning 

the molecular weight of the molecules in the vapour it 

can be combined with the Knudsen weight-loss effusion 

method to yield values of the molecular weight of the vapour* 

This application o^ the method has been used by Volmer (1931), 

Searcy & Freeman (195*0 and Magee (1955)* It was originally 

intended to measure molecular weights in the present apparatus, 

and a sensitive quartz micro-balance capable of carrying over 

10 grams was constructed for this purpose, but so far, it has 

not been incorporated, end work has been restricted to the 

measurement of pressures only*

The torsion-effusion method has been used for the 

measurement of vapour pressures in this laboratory by
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Jeffries (1952), Swinstead (195*0, Pugh (1955) and Smith 

(1956)• This apparatus has the furnace inside the vacuum 
envelope, which restricts the temperatures at which 

measurements can be made. For work on the alkali fluorides 
and other involatlle substances, the construction of a high 
temperature version of the tension effusion apparatus was 
undertaken by the author*



DESCRIPTION OF THh APPARATUS

From experience in the use of the low temperature 

vapour pressure apparatus which has bc<en In use In the 

departmenti the following Improvements were Incorporated 

In the present apparatus!

1) Loading from below so that suspension Is not 

disturbed during re-loading;

2) Anti-vibration mounting;

3) A means of damping out oscillations of the

suspension;

*0 Increased length of scale; 

5) External furnace*

Hffijfl frame«»wo;r)fr

The main framework consists of four vertical lengths of 

Pexlon slotted angle five feet In length, joined so that they 

form the corners of a square side 13" when viewed from above* 

lengths of Pexlon braced to the vertical members stick out 

from two adjacent bottom corners of the square ad carry at 

their ends levelling feet. The main frame rests on four 

lacrosse balls placed between pairs of 'Mascolite* fibre cups. 

The lower cups are supported on plywood supported on a further
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layer of Maseolite, Two of the upper fibre cups are 

attached to the two levelling feet t the remaining two 

are placed under the two vertical members furthest from 

the levelling feet. A smaller Dexion frame supported on 

rubber balls set between hollowed out corks carries the 

diffusion purapi trap etc. of the vacuum system.

All electrical and water loads, except those from 

the thermocouples f leaving either the main frame or the 

small frame are rigidly screwed by means of metal clips to 

a heavy block of stone. The rotary pump is connected to 

the small frame through rubber hose and a copper tube which 

is screwed down to the block of stone. This effectively 

isolates the apparatus from vibrations transmitted along the 

vacuum line and electrical and water leads, and from 

accidental Jerks on the leads.

The scale was engraved on Perspex by hand, It is 

2*fO cm. in length and is attached by brass screws to a steel 

strip which is held in a circular arc of 1 metre radius by 

18 brackets attached to a framework of Dural angle. The 

scale is easily removable from the apparatus, when this has 

to be dismantled, and can be replaced exactly*

The furnace

The furnace consists of a coil of nichrome wire of 

resistance O.*f0*t ohms per yard wound with ten turns to the



inch on a spirally grooved silica former &" long and 
internal diameter* The coil is tapped at distances of 
8 cm*, 17 cm*, 32 cm., and **1 cm. from the top edge of the 
former! the tappings are of niehrome and were spot welded 
to the coil* The coil is secured at each end of the 
former by a nickel band clamped round it ty means of a 
stainless steel nut and bolt* The silica former is held 
in place between two square asbestos boards having M* holes 
through the centre with a rabbet round the edge into which 
the former fits* The former is surrounded by a cylinder 
of mild steel sheet 9" in diameter which fits into circular 
grooves in the asbestos boards* Four iron rods threaded 
at each end pass through holes in the asbestos boards and 
force the steel cylinder into the grooves* The space between 
the former and the steel cylinder is filled with asbestos 
powder* The furnace leads and the tappings are Insulated 
with porcelain ieads and are fastened to terminals bolted 
to the top asbestos board. At each corner of the two 
asbestos boards a small piece of channel section girder is 
secured carrying at its end a small rubber~tyred Meccano 
wheel which fits into the corner of one of the vertical 
members of the main frame* The furnace can therefore be 
raised and lowered within the main frame and is retained in 
the centre of the frame by the small wheels* Lead counter
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weights attached to wires running over pulleys facilitate 

this movement.

The envelope.

The envelope consists of two parts separated by a water 

cooled flange. The upper part is a pyrex Dewar blank 

selected for its optical quality since light incident upon 

and reflected by the galvanometer mirror on the suspension 

has to pass through it. It is flanged at its lower end 

and carries side arms for the main vacuum line, vacuum 

gauges and thermocouple leads, vt its upper end it carries 

a female spherical ball grind. The male half of the ball 

grind is part of the tube containing the quartz fibre. The 

spherical ball joint makes it possible to adjust the 

suspension so that it hangs correctly along the axis of the 

lower part of the apparatus.

The lower part of the envelope consists of a silica 

tube 2UM long 3" internal diameter closed at the bottom and 

having a 4" diameter ground flange at the top. The water 

cooled flange is of brass and is fitted with lugs by means 

of which it is rigidly bolted to the main frame. These lugs 

support the entire weight of the envelope. The top surface 

of the flange is flat and the pyrex flange is Joined to it 

by vacuum grease. The lower surface has a circular groove 

cut in it into which is fitted i" diameter rubber cord



forming a type of "0M ring gasket. The flange of the 
silica pot is preened against thi.s gasket* The silica 
flange is not very smooth arid it was found to be important 
that the length of rubber cord used was exactly right. If 
it was too short the ends were not forced together suffi­ 
ciently strongly to prevent a leak;, while if it was too 
long it became slightly bunched in the groove so that the 
silica flange was pressed leee tlgatly against it in some 
places than in others. A great deal of time was spent 
looking for minute leaks which are now believed to have been 
due to this cause*

Radiation shields*

If we are to measure the temperature of a body In a 
vacuum by means of a thermocouple placed near it, the 
temperature irieaeured will only be correct under "black body" 
conditions since it is extremely unlikely that the body and 
the thermocouple will have identical emisslvities. 
Accordingly, an attempt was made to simulate as closely as 
possible a constant temperature enclosure using polished 
radiation shields*

Into the water cooled flange are screwed three roetal 
rods which serve to support the radiation shields and 
thermocouples inside the silica pot*

There are three radiation shields all being constructed



on the principle of the 'light trap 1 . Each shield consists 
of two discs of molybdenum sheet, a short distance apart» 
with slots cut In them in such a way that gas can flow 
through them but the two discs together present a complete 
disc to incident radiation. A sketch of the radiation 
shields is given in Figure 2a. The discs are separated "by 
short lengths of alumina capillary through which pass 

lengths of nichpome wire which are riveted at each end to 
Join the shields to the spacer* Holes were drilled In each 
shield for the suspension to pass tnrough, and other holes 
and slots for the .thermocoupleB. Three more holes were 
drilled near the edge through which the metal supporting 
rods pass. The latter have narrow cuts made in them into 
which the edges of the corresponding holee in the radiation 
shields are forced by small copper wedges forced between the 
rod and the other side of the hole. The top radiation shield 
is just below the top of the furnace when this is raised to 
the operating position in order to blank off what would 
otherwise have been a M cold window." The next radiation 
shield is 20cm below the top of the f arnace and the bottom 
shield is a further 1jcra below this. The space between the 
two lower radiation shields forms the constant teroperature 
enclosure and another radiation shield in the form of a 
cylinder of thin metal sheet stretching between the two 

circular radiation shields completes the enclosure. All
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radiation shields were polished and retained this polish on 
heating since the metal oxides were volatile at the experi­ 
mental temperatures. A discussion of the roetals used for 
supporting rods and the cylindrical radiation shield is 
given later*

The vacuum system*

The vacuum system ie entirely conventional. It 
consists of a Metrovac Type 02 oil diffusion pump "backed by 
a two stage Ketrovac rotary puropt a cold trap surrounded by 
liquid air freezes out condensible vapours. Large diameter 
tubing was used in order to obtain a high pumping speed. A 
system of two ground glass spherical joints and a cone and 
socket Joint make possible considerable relative movement 
between the main apparatus and the vacuum system mounted on 
its separate frame. After out gassing, vacua approaching 
10~^H«B were often obtained*

The residual pressure in the apparatus was measured by 
a thermocouple gauge and an ionisation gauge.

The cooling water flowing through the water cooled 
flange and the diffusion pump was fed to a constant head 
tank with a capillary leak at the bottom. A float-operated 
micro-switch switched off the diffusion pump and sounded a 
warning busier if the flow of water became less than that 
passed by the capillary leak. An Kdwards type VSK.1 vacuum



relay was Incorporated which switched off both the diffusion 

and rotary pumps if the pressure in the system rose above 2cm,

The suspension.

The suspension consists of three parts: the quartz 

fibre f a pyrex rod bearing the mirrors, a silica rod to 

which the effusion vessel is hooked*

The quarts? fibre was made by the following method. A 

hook was formed on the end of a short length of 1ram quartz 

rod; the other end was waxed into a piece of pyrex 

capillary joined to a length of 4mm pyrex rod which was 

clamped vertically* From the hook was suspended a piece of 

glass rod weighing a few grams* The glass rod was surrounded 

by a piece of 12mm pyrex tubing clamped vertically. In 

order to draw out a fibre, a very small silent coal gas- 

oxygen flame was applied to the centre of the quartz rod 

until the weight began to fall, when the flame was quickly 

removed. The height which the weight can fall before 

striking the bench determines the length of the fibre. The 

fibres used were about 23cm long. When the weight falls it 

must not be checked by touching the walls of the glass tube. 

It usually took many attempts before a fibre of the correct 

length and torsional constant was obtained*

Measurement of Peflection*

The second section of the suspension is a thin pyrex



rod carrying two concave galvanometer nirrors of 1m. focal 

length, and a radiation shield. The mirrors reflect light 

from a galvanaometer lacap on to the circular scale* In this 

way the deflection of the suspension from the zero position 

is measured* The two mirrors are joined back to back to the 

pyrex rod with shellac cement. By using two mirrors, a 

second set of observations (hereinafter called 'high points*) 

when the suspension has made half a revolution can be 

obtained. The angle between the mirrors was found by the 

following method.

Two galvanometer lamps with their lenses half masked 

and having thick vertical cross-wires fixed to the surfaces 

of them, were placed two metres apart. They were adjusted 

so that the image of the cross-wire of one lamp coincided 

with the cross-wire of the other. A horizontal translucent 

scale was placed level with the lens of one lamp at right 

angles to the line joining the two lamps. The mirror 

system was placed one raetre from the lens of the lamp having 

the scale near it, so that it interrupted the beam of light. 

The mirror system was turned until the image of the cross- 

wire of the lamp not having the scale near it was reflected 

back upon the cross-wire. The image of the cross-wire of 

the other lamp was reflected on to the horizontal scale and 

its distance from the cross-wire was recorded. This distance 

in cm when corrected for the fact that the translucent scale



was not the arc of a circle of 1 metre radius is the quantity 

which must be added or subtracted to the readings of 

deflection during a high Roint measurement. Below the pair 

of mirrors, a small aluminium radiation shield is retained 

between two bulges in the pyrex rod. Its purpose is to 

protect the mirrors and fibre from the effects of radiation.

The remainder of the suspension consists of a thin 

quartz rod with hooks at each end carrying the effusion 

vessel at one end and attached to the pyrex rod at the other.

All hooks were made acute to obviate angular movement 

between two hooks; the centre of each hook lay on the axis 

of the rod.

ffhe effusion vessels.

Effusion vessels made from the following materials were tried: 

quartz, graphite, alumina, copper and platinum. These will 

be described separately.

The quartz vessel is illustrated in Figure 3. It was 

made by the usual techniques of silica blowing using an 

oxygen-coal gas flame. First of all the bulbs were blown 

and joined to a piece of tubing closed at one end. The holes 

were then made using the technique given by Weselovskii. A 

very small flame was played on the surface of the bulb, and 

a small hole was blown. By playing the flame on the hole It 

can be made to shrink and finally to disappear. At the same
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time the wall of the bulb tends to collapse but by combining 

shrinking of the hole with an occasional blow which blows 

out the bulb and also enlarges the hole, a satisfactory hole 

can be obtained. The holes so produced have wall thicknesses 

much thinner than the general thickness of the surrounding 

bulb. Ho attempt was made to reduce further the wall thick­ 

ness since it was thought that the thin edges of the hole 

might be attacked by the alkali halide vapours. The vessel 

was closed by a ground stopper, and a suspension hook was 

added.

Quartz is attacked by the alkali fluorides so graphite 

vessels were constructed by the following method. A photo­ 

graph of a graphite cell is given in Figure k and a scale 

drawing in Figure 5 .

A length of f" diameter graphite rod (obtained from 

Morgan Crucible Co. Described as Link EY 9a) was first turned 

down to $" diameter in the lathe. The end was turned flat 

and a hole f" deep was drilled along its axis using a 11/32" 

drill held in the tail stock. The rod was parted off about 

1J" from the turned face. The small piece was then mounted 

in the chuck» the face was then turned down flat until the 

total length was 1§". Another hole 11/32" in diameter and 

|M deep was drilled along the axis. This left a solid section 

4H long in the centre of the vessel. Since it was found that 

the drill did not always give a perfectly round parallel
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sided hole, the holes were very slightly enlarged for a 

distance of about £" from the end of the vessel, using an 

inside turning tool, in order to ensure that over this 

distance the walls of the hole form a perfect cylinder* 

Into these parts are fitted the gas tight plugs* Two email 

plugs were made by turning down the f" diameter graphite rod, 

which were a very tight push fit into the ends of the vessel* 

The length of plug which fitted into the vessel was about 1/1Q".

Three holes were next drilled in the vessel - the two 

effusion holes» and a hole 1/l6ft in diameter which passed 

through the centre of the vessel at right angles to the 

principal axis through which was to pass a quartz suspension 

rod* The holes were drilled using a simple Jig* This 

consisted of a piece of copper tube 1JH long and internal 

diameter J-" with a 3/32" hole through its centre and two 

1/16*1 holes in a direction at right angles to the centre 

hole i" from each end. These holes were drilled on a milling 

machine using the dividing head to ensure that they were at 

right angles to each other. The Jig was mounted in a machine 

vice on the table of a vertical power drill BO that a 1/16" 

drill could pass freely through the centre holes without 

touching the Jig. The vessel was then placed in the Jig and 

the drill again passed through the centre holes of the Jig, 

drilling a hole exactly through the centre of the vessel* 

Keeping the vessel in the Jig with the 1/16" drill stuck



through the centre hole to locate the vessel in the jlgt 

the effusion holes were drilled* The jig was clamped in the 

machine vice for convenience and the effusion holes were 

drilled on opposite sides of the vessel through the 1/16W 

holes in the Jig using a 1/6V drill clamped in a pin vice. 

The pin vice was held vertical by one finger resting on its 

end, while it was turned gently with the fingers of the other 

hand. This hole was then enlarged with a No.73 drill to 

give a hole about 0.6mm in diameter* using very light 

pressure on the pin vice to avoid breaking away the bottom 

of the hole when the drill went through. The area round the 

hole was then carefully filed away until the thickness of 

the hole was less than its diameter. The centre hole was 

elongated into a small slot at one end; a piece of silica 

rod 1/16" in diameter with a hook at one end was passed 

through the centre hole with the hook away from the slot. 

The end of the silica rod was heated until it was molten 

and then squeezed by a pair of pliers to form a thick!eh 

disc on the end of the rod which fitted into the slot at the 

end of the centre hole and prevented the vessel rotating 

about the silica rod.

Precautions were taken at every stage to avoid contarn* 

inatlon by ferrous *naterlal. The lathe, lathe tools and 

drills were carefully cleaned before use and the pieces of 

graphite rod were wrapped in tin foil before being claaped 

in the chuck.



Due to snags which will be described later graphite 

was not found to be satisfactory as a cell material and a 

copper effusion vessel was made from a piece of fw diameter 

copper tubing which was drilled out to make the walls thinner 

except at one end which was left at the original thickness 

for a distance of 2mm. Plugs were made for each end. One 

was permanent, the other, at the end with the thick walls 

was removeable for loading the vessel. The vessel was not 

satisfactory since at the temperatures of the experiment 

(900°C) the plugs were welded to the tube and were difficult 

to remove. Also the empty vessel gave off vapour which was 

probably carbon monoxide since the copper used was of 

industrial quality, not electrolytic. Copper effusion 

vessels should be useful at lower temperatures if they are 

made of electrolytic material*

Another vessel was made by boring two holes in a piece 

of recrystallised aluminia thermocouple sheath. The sheath 

was cut using a diamond saw and the wall thickness was 

reduced where the effusion holes were to be, also using a 

diamond saw. One hole was drilled using a sharpened tungsten 

point mounted in an electric drill with carborundum powder 

and water applied to the drill point. The other was drilled 

by discharging a large bank of high voltage accumulators 

used for a L yman source between two electrodes placed either 

side of the tube wall. The ends of the cell were blocked by
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aluminia cement. This was not satisfactory because of the 

low grade of cement used, tout given better cement* the 

method should be satisfactory* Experiments showed that it 

is possible to make ground Joints in aluminia. The socket 

was made by rotating the tapering part of a coarse rat-tail 

file dipped in a paste of coarse carborundum powder and 

water inside the end of the tube until it was sufficiently 

large to allow the plug to be pushed in and grinding was 

continued in the usual manner for glass and silica joints* 

The plug was tapered slightly on the diamond wheel before 

starting the grinding operations* It seemed to be possible 

to make an alumina effusion vessel using the closed end of 

a thermocouple sheath and a length of aluminia rod to form 

the plug 9 but experiments had to be discontinued due to 

shortage of materials*

Finally a platinum effusion vessel was made by Messrs. 

Johnson Matthey* It is 4cm long and weighs 13*9gr and has 

given satisfactory results.

The..cp.nt.rQJL. and measurement^ of temperaturg.

In order to obtain as far as possible uniform temperature 

along the axis of the furnace the tappings along its length 

were shunted by rheostats so that extra current could be fed 

to the ends of the furnace which would normally be colder 

than the centre. In order to test the temperature distribution,
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a silica tube, 5mm external diameter closed at the bottom 

was waxed into the position normally occupied by the fibre 

section of the envelope* The tube extended nearly to the 

bottom of the silica pot and the temperature at any point 

in the tube could be investigated by a ehromel-alumel thermo­ 

couple threaded through twin bore silica which could elide 

up and down inside the tube* The temperature distribution 

was investigated at intervals of 25°C from UOO°C to 850°C. 

At each temperature, the rheostats were varied to get the 

most constant temperature within the constant temperature 

enclosure* The greatest temperature gradient during vapour 

pressure measurements was 0.3°C per CEO. Preliminary investi­ 

gations of the temperature distribution without the radiation 

shields forming the constant temperature enclosure were 

carried out in order to decide the best position for these.

The current through the furnace and its shunts is 

controlled by a variac rated at 8 amps. A current of

6.5 amps was needed to maintain a temperature of 890°C. A 

system of switches enables one to find the current in any 

shunt or the total current through furnace and shunts using 

one ammeter* It was found possible to hold the temperature 

steady for long periods by manual control.

Daane (1950) during his work on the vapour pressures 

of silver and copper found that the calibration of the 

platinum-13$ platinum-rhodium thermocouple ie very liable to



Z8

be upeet by contamination. He found that such a thermocouple 

even though protected by both aluralnia and metal sheaths 

changed its calibration by 130°C after only a few hours 

working* He found that the chroael p-alurael thermocouple 

changed by only 4°C after over a week of continuous use. 

Accordingly a chromel p-alumel thermocouple was used in the 

present work* This type of thermocouple has the further 

advantage of a high rate of change of e«m*f. with temperature 

compared with the rare metal thermocouple*

Three thermocouples are used in the apparatus* The 

main thermocouple is sheathed with an aluminia sheath which 

has slots cut in the sides so that it is supported in slots 

cut in the radiation shields* The thermocouple is threaded 

through twin bore silica which reaches to the level of the 

water cooled flange. Thereafter until the waxed joint by 

which the wires leave the apparatus they are insulated by 

small ceramic beads* The other two thermocouples are 

unsheathed and are positioned one at each end of the constant 

temperature enclosure in order to check on the temperature 

distribution. Where the thermocouple leads bend over before 

entering the side arm by which they leave the apparatus, a 

copper cylinder mounted on the water cooled flange prevents 

them from touching the suspension.

The cold junctions were kept at 0°C in ice and water* 

They consisted for each thermocouple of a chromel-copper



junction and a p~alumel- copper junction so that copper leads 

to the potentiometer could be used without having any metal- 

metal "boundaries in the thermocouple circuits at variable 

temperatures. The e.m.f's of the thermocouples were 

measured by a Tinsley potentiometer which was sensitive to 

.01mv which is equivalent to 0*25°C. The main thermocouple 

was calibrated at the freezing points of silver, aluminium 

and zinc. All the samples , of the highest purity, were 

contained in graphite crucibles with graphite lids through 

the centre holes of which passed recrys tall ised aluminia 

sheaths. The crucibles were placed in a tubular electric 

furnace mounted vertically and packed round with asbestos 

wool.

Two thermocouples were calibrated. With the first, 

the run 3 on the graphite cell were carried out, and with 

the second, those c^ the platinum cell* The calibration 

points are given below.

E.m.f.
Freezing point of n thermocouple 1 thermocouple 2 

Silver 960*5°C 39.49 m.u 39.47 
Aluminium 660.0°C 27.U2 m.u ?7*U5 ra.u 
Sine U19.5°C 17,31 m.u 17*?9

Rocser Dahl arid Gowans (1935) have calibrated a 

chrorael~p~alumel thermocouple over a wide range. Their 

results for the silver and aluminium points were plotted on 

a graph of e.m.f. against temperature and a straight line 

drawn through them. The deviations of their other points
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from the straight line were found at 10° intervals and 

plotted to give a correction curve* The calibration points 

for silver and aluminium in the present work were used to 

find the equation of the straight line relating e.m.f. with 

temperature and the correction curve from the results of 

Roeser Dahl and Qowans was used to find the correct temper­ 

ature for any reading of e.m.f. The procedure was repeated 

for the aluminium and zinc calibration points*

The straight line equations found were as follows. 

The correction curves are given in Figures 7 and 8.

Thermocouple 1s 1&Q-66QC, TC«23.788 E^ + 7.73

660-960°C, T°Ca2U.888 S - 22.33

°Thermocouple 2: 4?0~660C, TC«23*671 K + 10.23

660-960°C, T°Ca25.000 E - 26.25

ffhe damping of oscillations.

It was considered desirable to be able to damp out 

oscillations of the suspension, since the Internal friction 

of quartz Is very low and in a high vacuum, oscillations 

can continue almost indefinitely. Experiments were carried 

out by wrapping pieces of thin foil of various metals round 

a small cylinder of perspex mounted on the suspension rod 

Just above the level of the top of the Dewar blank. A 

powerful electro magnet was placed with its poles either
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side of the tube leading to the hemispherical grind so that 

the metal cylinder turned in its field and eddy currents in 

the metal produced damping. Difficulty wae experienced in 

finding metals sufficiently free from ferro magnetic impuri­ 

ties to prevent a deflection when the magnet was switched on. 

Silver was eventually used. It was found in practice, 

however, that although the damping was effective, the zero 

position of the system was very far from reproducible and 

eventually the cause was found to be electrostatic charges 

on the metal cylinder, so this method had to be abandoned.

During checking of the suspension for magnetic impurities, 

it was discovered that the mirrors were strongly magnetic 

and reacted to a horse shoe magnet held outside the envelope. 

This provided a method of damping which was effectively used. 

Experiments were carried out to discover if the earth's 

magnetic field or that due to the furnace exerts an appreci­ 

able force on the mirrors, but no such effects were found.

Experimental procedure.

The vessel was first loaded with the substance under 

test. A small glass funnel was used with the quartz and 

platinum vessels. For deliquescent substances being tested 

in the platinum vessel, the vessel was heated in a gas flame 

before being placed in the apparatus. The vessel was hung 

from the hook of the silica suspension rod, the radiation 

shields were put in place, the silica pot was raised to the



water cooled flange and secured in place by a metal clip, 

and the rotary pump was switched on* The furnace was raised 

to the operating position and the gap between the furnace 

tube and the silica pot was filled with asbestos wool* When 

the pressure had fallen to the lowest value attainable by 

the rotary pump, the diffusion pump was switched on* Mean* 

while the oscillations of the suspension were damped out 

using the magnet* When the diffusion pump v.-as working 

properly leaks were tested for by turning off the tap to the 

rotary pump and allowing the diffusion pump to pump into the 

small volume formed by the tubes of the high pressure side 

of the system* If after ten minutes there was no trace of 

nitrogen in the discharge excited by a Tesla coil in the 

high pressure side of the system, and no increase in the 

pressure on the low pressure side recorded by the thermo­ 

couple gauge» the tap to the rotary pump was reopened and 

out gassing was begun* This consisted of raising the temper* 

ature to a value higher than that which would occur during 

a run. This procedure drives off adsorbed gases both in 

the sample and on the rough walls of the silica pot* In 

practice the apparatus was heated until the suspension had 

made one complete revolution which was about 2f>°C higher 

than the highest temperature measured during a run. It was 

held at this temperature for about half an hour and then the 

current was switched off and the apparatus allowed to cool*
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The following day, the zero position of the suspension 

was recorded* The suspension swung over a small arc of 

about 0.05 -0.1 radians and the extreme positions of the 

spot of light were noted* The furnace was switched on and 

the rheostats adjusted to give the best temperature distri­ 

bution for the highest temperature expected during the run. 

The spot of light moved off the scale when the temperature 

had risen sufficiently; the current was then cut down from 

the maximum and the heating was carefully controlled until 

the spot of light reflected from the other mirror reappeared 

on the zero end of the scale and eventually moved off the 

other end* This condition, with the spot just off the scale 

was maintained for at least 1|- hours in order to allow the 

temperature distribution to settle down. The current was 

then reduced slightly so that the temperature began to fall 

very slowly at a rate not exceeding 1°C in six minutes* The 

oscillations of the system were damped out by use of the 

magnet, if necessary, and when the spot of light reappeared 

on the scalet readings were taken at the extremities of the 

swing* At the same time, the temperatures shown by the 

three thermocouples, the time, and the residual pressure 

shown by the ionisutlon gauge were recorded. Headings were 

taken at intervals of about 2*5°C until the spot moved off 

the scale. These readings taken when the suspension lias 

turned through half a revolution and the spot of light is
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reflected by the mirror other than that which reflects the 

spot during the zero readings, will be termed "high points*"

The current was then slightly reduced and it was 

necessary to wait until the spot of light reappeared on the 

scale when the above procedure was repeated exactly except 

that readings were taken less frequently, until the deflection 

was about 20 cm from the zero*

Preliminary Experiments,

A large number of runs were carried out before satis­ 

factory results were obtained* In order to prevent a repeti­ 

tion by future workers of these mistakes* a short account 

of them will be given*

Initially, the supporting rods within the furnace were 

of high temperature stainless steel* It was found impossible 

to obtain a good vacuum with these since carbon monoxide 

continued to be given off in large quantities even after 

prolonged heating in vacuum* Furthermore, a black deposit 

of a compound of iron (probably ferrous oxide which is quite 

volatile) accumulated on the cooler parts of the apparatus. 

The graphite effusion vessel became strongly magnetic 

presumably by reduction of ferrous oxide on its surface and 

was acted upon by the magnetic field in the furnace* Stain­ 

less steel is also unsatisfactory since manganese can distil 

out of it.
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It was then decided to try to dispense with the lov^er 

radiation shields altogether and to retain only the shield 

level with the top of the furnace* Good vacua were obtained 

and the graphite vessel remained free from magnetic 

impurities, but it was found to be impossible to obtain 

consistent results. Both the absolute pressure recorded at 

a given temperature and the slope of the log (deflection) 

against VT plots varied considerably from run to run,

The stainless steel rods were then replaced by nickel, 

with a cylindrical nickel radiation shield and the molybdenum 

radiation shields forming the constant temperature enclosure. 

Good vacua were obtained 9 but after a time the vessel again 

became contaminated by magnetic impurities.

Finally, copper rods were used with a cylindrical copper 

radiation shield and the molybdenum shields to form the 

constant temperature enclosure. After some heating good 

vacua were obtained. The volatility of copper is greater 

than of nickel and all objects within the constant temperature 

enclosure became copper plated. However» according to Daane 

(1950) the vapour pressure of copper at the highest tempera­ 

tures used Is only k x 10 mm. The vessel remained free 

from magnetic contaminants.

The graphite cell* despite promising results on potassium 

chloride did not in the end give satisfactory results. The 

greatest difficulty was the non-reproducibility of the zero



position of the suspended system, hereafter referred to as 

"the zero." Only for potassium chloride, for which a high 

point was also taken, were the results reproducible and this 

must be considered fortuitous, For sodium fluoride in 

particular, for one set of runs it was found impossible to 

obtain the zero when the apparatus was cold. Instead of 

returning to the zero position, it was frequently found that 

the suspended system was showing a negative deflection of 

from 10 to 60 cms. This was noticeable to a lesser degree 

for the more volatile substances, though usually by the 

following morning the system had returned to approximately 

the correct zero. In the end, for sodium fluoride, it was 

found necessary never to allow the furnace to cool down 

below about 500°C at which temperature sodium fluoride has 

a negligible vapour pressure. The zeros for these runs 

were reproducible and the runs theraselves were in good agree­ 

ment. For caesium fluoride it was not found possible to 

obtain even plausible results. High points were taken, but 

these lay considerably off the line through the low temperature

points.

All the plots of log D against /T obtained with the 

graphite vessel showed a slight curvature the gradient being 

steeper towards lower temperatures. This curvature was very 

marked for lithium and caesium fluorides. A detailed 

explanation for the unsatisfactory behaviour of graphite as



a cell material Is not offered, but It Is suggested that it 

is due to the adsorbtive properties of the material, 

especially when under the conditions of the experiment it 

has become 'active 9 * The low values for the heats of 

sublimation of the substances tested with the graphite cell 

suggest that adsorbed gases are still being given off in 

minute quantities at the low temperature end of ; he run, 

but nevertheless in sufficient quantities to form an appre­ 

ciable fraction of the total gas pressure inside the cell 

arid so lover the observed value of the heat of sublimation* 

If this were the case one would have expected the Log D 
against /T graphs to be curved in the opposite direction* 

The zero was found to be quite strongly dependent upon the 
residual pressure, and it was noticed that a slight leak in

the apparatus| even though the residual pressure might still
-*f 

be of the order of 2 or 3 x 10 mm x*as immediately

reflected in the behaviour of the graphite cell* Deflections, 

in this case| became noticeably larger for points at the low 

temperature er-d of the run and smaller for points at the 

higher temperature end. The negative deflections observed 

when the apparatus was cold after the sodium fluorlde runs 

suggest that the graphite was readsorbing gas throug the

effusion holes. However t the measured residual pressure was
«*6 often of the order of 5 x lO^mm which would produce only a

minute deflection* When the apparatus was allowed to cool



down after it had been kept above 300°C for four days and 

nights, a very large negative deflection occurred.

In view of these setbacks, and tiie unpromising results 

obtained with copper and aluiainia effusion cells, it was 

decided to obtain a platinum cell* Lack of reproducibility 

of the zero was found also to be due to electrostatic 

charges being built up on the vessel* This trouble was 

cured by placing a small radio active Source, formed by 

irradiation of the rock during the "Emu" atomic explosion, 

on the lowest radiation shield directly under the effusion 

vessel.
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THBRMOBYNAMIC RELATIONS AND TREATMENT 
OP OBSERVATIONS

It will be convenient here to outline the therraodynamic 

relations used in this work*

There are two approaches by which the heat of sublimation 

may be calculated* 

1) Second low treatment,

The heat of sublimation or vapourisation ( A H) at a 

temperature T°K is given by the Clausius-Clapeyron equation

d log p = AH 
dT 2*3025

which an integration gives

log p = -
2*3025 RT

p is the pressure of vapour in equilibrium with the 

condensed phase and I is an integration constant*

The heat of sublimation or vaporisation at the temper­ 

ature T is therefore obtainable from the tangent to the 

graph of log p against 1/T* In order to find the value of 

the heat of sublimation at room temperature from a series of 

experimental points, the method of Kelley (1935) was used*

If the difference between the specific heats of the gas 

and condensed phase is given by

Ac * Aa +AbT -Act*2 (3)
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integration gives the heat of sublimation or vapourisation 

at temperature T

Q + AaT +_Alff2 + AcT"1 
where A I{0 le an integration constant.

If this value for AH is substituted in equation (1) 

integration gives
n

- Rln p + 4a In T + £ AbT » ^AcT^ «AH' /T + I 

the left hand side of this equation ie denoted by the symbol £

The value of Z was found for each experimental point and 

the slope of the graph of I against /T was found by the 

method of least squares* The value of I was found for each 

point and bad points were rejected* The new value of the 

slope was found and the constant A H0 calculated* The 

standard deviation and 95;' confidence limit were found for 

each run* The best values of AH0 and I for each substance 

were found by weighting the values obtained from the various 

sets of observations according to the inverse squares of 

their standard deviations*

The differences of the several values from the weighted 

mean were used to find the standard deviation of the mean 

and thence the 95 * confidence limits of the mean*

For data on the solid» the heat of sublimation at room 

temperature was found by substituting the value 298.16°K for 

T and the weighted mean value of AH0 in equation (U)«

For data on the liquid, the heat of vapourisation at the



melting point was found first by substituting the value of 

the melting point in equation (k); adding to it the heat of 

fusion gave the heat of sublimation at the melting point* 

Using this value in equation (k) and the values of A a, Ab 

and Ac for the solid-gas equilibrium, AH^ for the subli­ 

mation of the solid was found, and hence the heat of sublima­ 

tion at 298°K as above.

2) fhird law treatment*

For the equilibrium

Condensed phase ^=^ gas 

the free energy change must be zero*

At constant temperature and pressure,

AG « AH - T AS m 0 (6) 

H « TAS (7)

where AH is the difference between the heat contents of the 

gas and the condensed phase, and A S is the difference in 

their entropies* If therefore we have sufficient data to 

calculate the entropies of gas and condensed phase at the 

temperature T we can calculate the heat of sublimation or 

vapourisation at this temperature, and from a knowledge of 

the specific heats of the two phases correct the heat of 

sublimation to room temperature using the procedure outlined 

in the second law treatment above*

Expanding equation (7) we have



8 H298 *
29

dT -
c)

- 4v C (DdT

t
3

m
Cp(c)/TaT -

298

dt J (8)

um

for the liquid-gas equilibrium* The suffixes c, 1, g refer 

to crystal, liquid and gas respectively; Attf is the heat 

of fusion, Tm the melting point andAH^g the heat of 

sublimation dt room temperature*

For the solid-gas equilibrium, equation (7) becomes 
T ,T T*

^298
298

'p(c)
dT !3 T »8 - cp<0/H<9>

For a diatomic gas, the entropy Is given by the equation 

= 3RlnM+7BliiT~ RlnTatm + Rlnl ~ RlncT + 8vlb + S°e + 175.355

where M Is the molecular weight, X the moment of Inertia, 

Sr Lb the vibratl<*nal entropy, S°e the entropy due to electronic 
transitions and (f the symmetry number (Se and Rla cf are zero 
for the alkali halidos).

The specific heat of a diatomic gss Is given by
W = 7/2R * Cp(vib)

where C ^ ..* is the vlbrational contribution to the specific 

heat at temperature T* A plot of C (^^j against "/T2 is 

approximately s straight line so that the total specific heat 

can be expressed by sn equation of the form

'p(g) a - oT
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In order to be able to use the third law treatment to 

find the heat of sublimation at room temperature from a value 

of the vapour pressure over the liquid, we must have an 

accurate value of the entropy of the crystal at 298.16°K., we 

must Know the specific heat equations of the solid and liquid, 

and the heat of fusion* Furthermore, we must know the 

vibration frequency of the gaseous molecule (for a diatomic 

gas) in order to calculate the vibrational contributions to 

the entropy and specific heat, and its internuclear distance 

in order to calculate the moment of inertia. If we are 

using the vapour pressure over the solid we obviously do not 

need the heat of fusion or the specific heat of the liquid*

The great strength of the third law treatment lies in

its ineensitivity to the value of the absolute pressure. If
o 

the pressure is in error by a factor of 2 at 1000 K the error

in A SH 298 would ^e only 1 k.cal*

The second law treatment is very useful where there is 

insufficient data to be able to use the third law treatment.

The values of log p in the gaseous entropy terms of 

equations (8) and (9) were calculated from the values of £ 

obtained at three temperatures, one at each end and one in 

the middle of the temperature range of the experiment, using 

the weighted mean values of AH^ and I (equation (3)). 

Vapour pressure equations were calculated from these points*



CALIBRATION

The calibration substance chosen was potassium chloride 

since extensive data exist in the literature for the vapour 

pressures over both solid and liquid. The heat capacities 

of solid and liquid, the entropy of the crystal at room 

temperature, the heat of fusion and the vibrational frequency 

of the diatonic molecule are all well known so that it is 

possible to obtain accurate values of the heat of sublimation 

by both second and third law treatments. The data used in 

these calculations are given below

C crystal » 9.89 + 5.20x10~3T + 0.77x105T~2 cal/degC/mole 
p (Reference Kelley (1949)).

Cp gas m 8.94 - 2.23x10 T* (cal/degC/mole)

C liquid » 16.00 (cal/degC/mole) (Kelley(1949))

Heat of fusion = 6,100 cala/oole Kelley (1949)
16° 

Intemuclear distance * 2*6666x10 A Honig Mandel Stitch <*
Townes (1954) 

Vibration frequency « 281cra~ race & Klemperer (1957)

Standard entropy of the gas at 1min press = 16.0148 log T «• 
29.080 + ~

Entropy of crystal at 298.16°K « 19.68 e.u. Strelkov (195*0 

Using these data, the vapour pressure measurements from 

the literature were recalculated by the method outlined above 

in order to obtain values of the heat of sublimation by the



second and third law treatments. The results of these 

calculations are presented in Tables I and II«

It was originally intended to follow the procedure of 

Barrow ej_ai (1955) with zinc ; and Smith (1956) with cadmium 

which were used as calibration substances for the low 

temperature vapour pressure apparatus, and use the best third 

law value of the heat of sublimation to calculate the vapour 

pressure at the experimental temperatures and so calibrate 

the apparatus directly* It may be seen however* in Table I 

that in nearly all cases, the heat of sublimation from the 

third law treatment is smaller than that from the second law. 

The calibration runs carried out on this apparatus showed
i

this trend also* As will be shown in a later section of this 

thesis* this trend may be explained by assuming the presence 

of dimers in the vapour* It was decided therefore to 

calibrate the graphite vessel using the absolute calibration 

constant calculated from the geometry of the vessel and the 

torsional constant of the quartz fibre.

The force on unit area of a surface due to bombardment 

by gas molecules is equal to the change in momentum in unit 

time of the molecules striking it* Since the molecules make 

elastic collisions at the surface, the force per unit area 

(in fact the pressure of the gas) is equal to twice the 

momentum of the gas molecules striking it in unit time* If 

the molecules leave the vessel through a hole of unit area*



Reference n
kcal/zaole

temp K second law third law

Delta 11
Mayor and Wintner 5
Hlwa 11
Ziiain and ?!s,yor 21 
2readwell and Warnher 13
Bradley and Volana 27
Miller and Kusch 10

847-936
899-935
853-955
624-945
859-1024
712-870
872-967

53-96 4- 0.99 
57.58 4- 4.99 
51.62 + 0,54
52.99 + 0,64 
53.94 + 0.12 
54.06 4- 0.50
n- AF; 4. 1.76.65 +

52.7
52.8
52.7
52.8
52.8

.951

Present work (quart* cell) 819-893 53.50 4- 0.82 52.7

.eorenoe

Wartenburg & Albreoht
Fioc": c~nd r.odobueh

Horiba and Baba 
Huff and Kugdan 
Barton and Bloom

HaasHordes and 
Dergetroia
Greiner :-nd Jellinek

TABLE II 
3CC1 liquid

n

15 1390
9 1179

1074
1133
973

;> 
T,
10

1695
1378
1317 
12^3
1524 

7 1393-1688
11 128C-1540

1 1684
1 1773
1 1180

second law

51.62 4- 1.42 
52.58 4- 0.42 
42.21 4 6.91
43.34 4-15.^ 
46.36 + 1.31 
55.23 4-1.47
52.7 4- 0.4

third law

3.1
53.
52.5

51.5
53.2
r ••?• o

52.8
54.8
50.2
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the force exerted on the vessel will be equal to the momentum 

of the molecules passing through the hole in unit time i.e. 

to half the pressure*

The couple exerted on the vessel due to effusion of gas 

at a pressure p through holes of areas a, and a^ at distances 

1 and 1 from the axis of rotation is balanced at equilibrium 

by the couple exerted by the twisted quartz fibre

P <aj. li fx «• a 2 1^ f2 ) * c6
where fc , f^ are factors related to the ratio ( depth of hole/ 

radius of hole) c is the torsional constant of the quartz fibre* 

9 is the angle through which the fibre is twisted*

The areas of the holes were found micro ̂photographically. 

A photograph of each hole was taken using a microscope with a 

2/3M objective and a projection eyepiece* The image of a 

grating in the eyepiece was superimposed on the image of the 

hole* The area of one square of the grating was found by 

taking a separate photograph of a standard millimeter divided 

into hundred the. The hole was strongly illuminated by light 

from a microscope lamp reflected by a piece of white paper 

placed in the end of the vessel* The photographs of the holes 

were enlarged and their areas measured with a planimeter. 

Figures 9 and 10 are contact prints of the photographs of

the holes.
The thickness of each hole was found using a microscope*



The microscope was focus Bed first on the top and then on the 

bottom of the hole using the fine focus adjustment. The 

number of revolutions of the fine foeus knob between these 

two positions was found from a paper scale attached to the 

knob* The fine focus adjustment was calibrated by focus8Ing 

the microscope on first the top and then the bottom surface 

of a microscope slide using the fin© focus adjustment* The 

thickness of the microscope slide was found using a micrometer*

Since the effusion holes and the hole for the suspension 

rod had been accurately drilled to lie in planes at right 

angles to each other with the hole for the suspension rod 

through the centre of the vessel it was assumed that the 

major axis of the vessel» when suspended, would be horizontal» 

and accordingly it was necessary only to measure the distance 

of each hole from the suspension rod. This was carried out 

in the lathe. A sharp pointer was clamped in the micrometer 

tool rest of the lathe; the vessel was clamped in the chuck 

of the head stock; the tool rest carriage was clamped to the 

bed of the lathe so that only by moving the micrometer elide 

could the pointer be moved. The micrometer was adjusted 

until the pointer lay just over the effusion hole, the chuck 

was turned through a right angle and the micrometer adjusted 

until the pointer lay over the centre of the suspension rod. 

The difference between the two micrometer readings gave the 

distance of the hole from the axis of rotation. It was found



possible to obtain distances reproducible to - •002." (The 

author is indebted to Mr* ?• March for suggesting the method).

The factor f is analagous to the Clausing factor used to 

correct for the thickness of the hole in weight loss effusion 

experiments. The reaction on a vessel due to effusion of gas 

through a channel hole has been investigated by Freeman (195U) 

who tabulates values of f for various ratios of thickness to 

radius of hole* His results are plotted in Figure 1 1 and 

were used to obtain values of f in determining the absolute 

calibration constant of the graphite vessel*

The torsional constant (c) of the fibre was found by 

suspending from it a small Dural bar whose moment of inertia 

(I) was accurately known from its dimensions and measuring 

the period of oscillation (T). These quantities are related 

by the formula

The following is a summary of the measurements on graphite 

vessel number k and fibre number 3*

Hole A Hole B
• »

Area .2978 sq.mm* -301^ sq*mm.
Thickness 0*12 mm 0*18 mm
Distance from axis 1.U25 cm 1*334 cm
f 0.885 0.837
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2 Moment of inertia of Dural bar 3*0232 gr.cm .
Period of oscillation 82.U sees* «
Force constant of fibre 1.761 x 10 dynes/radian.

The calibration constant was 3.709x10 mm Eg/radian. 

Since the angle moved through by the spot of light reflected 

from the mirror on the suspension is double that moved 

through by the suspension,the calibration constant is 1.855mm 

Hg/radian of deflection of spot of light.

This value of the calibration constant was corrected for 

thermal expansion of the holes at the mid-temperature of any 

run 9 using the coefficient of expansion given in the Handbook 

of Chemistry and Physics* The change in hole area over the 

range of a run is negligible.

Discussion of Calibration constant.

Whitman (1952) discussed the dimensions of effusion 

cells and gave the following conditions which must be 

satisfied if the actual rate of effusion is to agree with 

that calculated from Kinetic Theory:

1) the molecules collide only with the walls of the vessel*

2) Reflection after such collisions is diffuse.

3) The molecules enter the effusion hole with the cosine 
distribution of directions.

The molecules enter uniformly over the face of the 
effusion hole.

Condition (1) requires that the dimensions of the 

effusion cell shall be not more than one tenth of the mean 

free path of the gas under the conditions of the experiment.
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Taking the collision diameter of potassium chloride as U 

the mean free path at 850 K and lO^mra is 11.1cm. The 

diameter of the effusion hole and the dimensions of the 

effusion cell should be less than 1.1 cm. This condition is 

satisfied for the graphite cell for this temperature and 

pressure* At 3x1CT2mm f (the highest pressure measured) 9 and 

a temperature of 950 Kf the mean free path is only 1.2cm. 

Under these conditions, the diameter of the hole le still 

less than one tenth of the mean free path* so that there 

will be few molecular collisions within the hole; but the 

dimensions of the cell are now of the order of the mean free 

path* This is considered to be not as important ae the 

condition that the diameter of the effusion hole should be 

small compared with the mean free path. Searcy and Freeman 

(1954) used an effusion veesel of similar dimensions with

holes four times the diameter of those used here at a
•»? pressure of 6x10 mm without apparently increasing the

scatter In their results.

It seems probable that condition (2) will be fairly well 

satisfied for the rather rough graphite walls of the cell. 

Conditions (3) and (k) will be fairly well satisfied since the 

diameter of the effusion hole la less than one tenth that of 

the cell* In any case* Whitman considers that errors due to 

these conditions not being satisfied will be small.

The gas pressure in the space surrounding the effusion
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vessel must be less than the permissible error in measuring 

the absolute vapour pressure. In the present work the
i

lowest pressures measured were about Iix1o""t1 smu The residual
f

pressure in the apparatus was often less than 5x10* for

these pressure readings, so that the absolute error in the 

measurements due to this cause should not be greater than 

one or two per cent*
»

It is important that the effusion hole should be small » 

for reasons apart from those associated \vith the mean free 

path*

It is necessary to assume that loss of molecules from the 

vessel will not disturb the equilibrium between the vapour 

and the condensed phase* Speiser and Johns ton have examined 

this assumption with respect to the hole size and the 

vapourisation coefficient from the condensed phase* They 

showed that

ob 3 true

where <& = vapourisation coefficient (i.e. the ratio of the 

number of molecules vapour is ing from a surface to the theo­ 

retical number calculated from kinetic theory)

a » area of hole

s s effective area of condensed phase*

It is important therefore that the ratio a/s should be small. 

This condition has been achieved in the present apparatus.



Littlewood and Rideal (1956) have shown that low values 

of the vapourisation coefficient can be caused by surface 

cooling of the condensed phase* In the case of good 

conductors such as metals, the heat of sublimation is rapidly 

conducted to the surface so that the surface remains very 

close to the temperature of the surroundings* For poor 

conductors the surface cooling is much greater and the 

apparent vapourisation coefficient is too small. The 

apparent vapourisation coefficient falls as the rate of 

evaporation increases* By using small holes and a sensitive 

fibre, the surface cooling is kept to a minimum* Searcyand 

Freeman (1934) used a tors ion-effusion method of measuring

the vapour pressure of tin* They used holes 2.4mm in
••2 diameter and their highest pressure was 6x10 so that the

rate of evaporation must have been large* However, since 

tin is a good conductor no error was apparently introduced 

by these high evaporation rates* The alkali halides being 

poor conductors, it was essential to keep the evaporation 

rate low*

Calibration runs on potassium chloride*

In Tables III to XI are given the results of the runs 

on samples of 'Analar* potassium chloride* Three vessels 

were used: quartz, graphite and platinum which are denoted 

by the letters Q, 0 and Pt in the run number. The column



headings are as follows.

Log D « log deflection of spot of light from zero 
positions in centimetres.

c absolute temperature 
1Q3/T
I

see page 42. 

I

The second law value of the heat of sublimation at 298 K 

and the 95$ confidence limits for the run are given at the 

foot of each table*

The results are collected in Table XII where the weighted 

mean values of the heat of sublimation by the second law 

treatment are compared with the mean value from the third law 

treatmentf for each vessel used*

For the graphite vessel

Log p « Log Dcm -U
mm For the platinum vessel

Log p * Log n -1 
tan can

In Figure 12. the results obtained are plotted on a graph 

with those of other authors. As can be seen, the results are 

in satisfactory agreement*



-3.0

\-

A Niwa
A Mayer and Wintner
0 Zimm and 1 ayer
O Deitz
• Treadwell and Wernher
O Bradley and Volans

	Present work

5 °10/ T°K

1.10 1.15 1.20

Fig. 12



60
TABLS III

3-2Q (ill) KC1

Log D T. 10-
T

2.2390
2,231?
2*1951
2 • 1614
2*1471
2.1310
2*0892
2.0611
2*0484
2.0831
2*0611
2*0073
1.9689
1.9106
1.8751
1*8089
1.7566
1.7202
1.6646
1.6138
1.5763
1.3997
1.3324
1.2648
1.2355
1*2304
1.2227
1*1847
1*1072
1.1139
1.1106

892.1
891*8
889«2
887*1
886,4
884.7
881.8
879*9
879*0
881*4
879*9
876*1
873.5
869*5
866,9
862.3
859.5
857.1
853*3
850*2
847.f>
B36.7
832.1
828.6
826.4
826.2
825.5
833*7
819.3
819.2
818.9

1.1210
1.1213
1.1246
1.1273
1.1282
1*1303
1.1340
1.1365
1.1377
1.1346
1.1363
1.1414
1.1448
1.1301
1.1335
1.1597
1.1635
1.1667
1.1719
1.1764
1.1798
1.1952
1,2018
1.2069
1.2101
1*2104
1.2114
1.2140
1.2206
1,2207
1*2212

4,1700
4,1624
4*1239
4.0885
4*0737
4*0562
4.0124
3*9827
3*9693
4*0058
3*9827
3*9259
3.881,5
3.8242
3.7722
3.7178
3*6623
3.6240
3.5655
3.5124
3.4729
3.2878
3.2168
3*1465
3.1155
3.1102
3.1020
3.0625
2*9816
2*9883
2*9847

17.4150
17.4109
17.411'
17*4079
17.WS
17.4111
17.4110
17.4108
17.4116
17.4113
17.4108
17.4119
17.4117
17.4130
17.4012
17*4200
17*4094
17.4089
17.4119
17.4120
17.4126
17.4095
17.4165
17.4064
17.4132
17.4115
17.4151
17*4063
17*4034
17*4113
17*4135

AH
« 53.83 kcaI/mole

limit 0*19 kcaI/mole



RUN 1 2Q (iv) KCi

TABLE IV

6/

log D Tp"" Iw

2.2276 
2.215^
2.21*6 
2.2»fl5

2.1351
2,127**

2.03*f2
2,0269
1,9689
1.8675
1,8162

1.28'
1.25&
1.2553

891,6
890.6
390.6
892,8
892.1
887.3
885.2
881.1
878.3
877.6
873.6
866.6
863.1
839.3
836.9
829.1
827.5
827.2

1.1216 
1.1228 
1.1228 
1.1201 
1.1210 
1.1270 
1.1297 
1.1303 
1.13^9 
1,1386
1.1395 
l,lMfr

.1

1.1539
1.1586
1.1881
1.1915
1.2061
1.2085
1.2089

^.1731 
HO

M607 
M526 
3.99 ~
3.9 
3.9 
3.88
3.77 . 
3.72^7 
3.3763 
3.3388
3.2963
3.1677
3.1362
3.1359

17.2983
17.2993
17.2982
17.2955
17.2970
17.2970
17.2956
17.29% 
17.2931 
17.29;
17.7962
17.2971
17.2982
17.2953
17.2977
17.2950
17.2976
17.29f
17.29<

53.^3 
Confidence Limit = 0,12 kcal/mole



TABLE V

BUN * 2Q v KG1

Log D

22*75
2.2*53
2.2*10
2.1962
2.1562
2.1380
2.1313
2.0980
2.0*88
1.9952
1 .9609
1.8797
1.8331
1.7987 
1.769*
1.6551
1.5233
1 *I
1 13802
1.3692
1.33%«*••.* — '. <F

1.32*3
1.3181
1.2788

T

893.5
893.3
889.9
887.1
885.9
885.*
882.9
879.5
875.9
873.5
867.8
86*.7
862.3 
860.*
852.8
8%.0
8*1.7
838.1
835.0
832.6
832.*
831.2
829.2

*
1.1191
1.119*
1.119*
1.1237
1.1273
1,1288
1.129*
1.1326
1.1370
1»1*17
l.l**o
1.1523
1.1565
1.1597 
1.1623
1.1726
1.1779
1.1881
1.1932
1.1976
1.1979
1.2011
1.2013
1.2031
1.2060

L

*.1795
*.1773
*.1730
*.1255
**06*2
*.0571
*.02l9
3.9701
3.9137
3.8775
3.7919
3.7^29
3.7066 
3.6759
3.55573.*909
3.37*9
3.3237
3.2669
3.2558
3.2193
3*2090
3.2017
3.1610

i.

17.2*5*
17.2*67
17.2*2*
17.2*51
17.2*50
17.2*3*
17.2*33
17.2*55
17.2*50
17.2*35
17.2*35
17.2*55
17.2*55
17.2*66 
17.2*62
17.2*63
17.2*3*
17.2%*
17.2*56
17.2*9*
17.2*18
17.2*26
17.23*7
17.2*8*
17.2 15

=53.2* kcaI/mole 
Confluence Limit = 0.2^ kcal/mole.
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TABLE VI

RUN 3 UP (v) KC1

Log P

2.18^)
2.1626
2.1216
2.073*
1.9991
1.9518 
1.8993
1.8681
l.Slno
1.766*
1.7093
1.6730 
1.5999
1.5250 
l.*7§6
l.*133
1.3692
1.3201 
1.230*

T

871.1
869.7
866.6
863.3
857.3
85*.7 
852.8
8*9.3
8*5*7
8*2.8
839.5
836.9 
832.1
827.6 
82*.5
821.1
818.2
81* .6 
83J0.1

Jfll«p

1.1*80
1.1*98
1.1539
1.1583
1.166*
1.1700 
1.1726
1.177*
1.1825
1.1865
1.19J2
1^2018
1.2083 
1.2129
1.2179
1*2222
1.2276 
1.23**

I

^.0997
M-.0763
^.0328
3.9822
3*?031
3.8539 
3.7999
3.7660
3.7099
3.6593
3.59953.5611 
3.^3
3.^60 
3.3571
3.2892
3.2U28
3.1909 
3.0976

t.
17.3506
17.3^80
17.3518
17.3520
17.366^
17.3588 
17.3390
17.3563
17.3590
17.35*6
17*3*91
17.3531* 
17.3562
17.3529 
17.3571
1*7 <-l*'70
17.3502
17.3606
17.3*58

« = 52.6k kcal/iaole
s 298 
Confidence Limit 3 0.58 kcal/mole



TABLE VI?

HUH 3 *frG (Vi) KC1

Log D T Jfli T I"

1.7679 8H2.8 1.1865 3.6607 1.691*6 838.3 1.1929 3.5839

= 53*06 kcaI/mole 
Confidence Limit = O.H6 keal/mola

__,_. 871.6 1.1^73 **.103j& 17.^5382.1U67 868.3 1.1517 ** .059** 17 .^082.1303 867.1 1.1533 ^-.0^20 17M2Q2.0788 863,5 1.158l 3.9877 17.^6352.03^6 860.4 1.1623 3.9M1 17.^6581.9717 S56.a 1.1680 3.87^9 17.^5<1.9186 852.8 1.1726 3.8192 -" *- J
^ ipr — — — *• r *tr •— ^ Hgr w — » — . w^ .0 1.1976 3.5282 17.J*6371.5922 831.9 1.2021 3.^765 17.W31.5353 828.6 1.2069 3.M69 17.^6061.^133 8a.l 1.2179 3.2892 17.^091.3wf 817.0 1.22MO 3.2190 17.W171.3118 8l4.9 1.2271 3.1828 17«**615

65"



TABLE VIII

66

Mil 3 Cvll) KC1

tog D

2*1
2.1303 
2*0910 
2*OH92 
2.02o8 
1.9619 
1*9138 
1*8519

1.9016
1*6551 
1.60& 
1.5502 
1.5289 
1.WS7
1*29**5

871*9
871.^
86^*5 
861*6
859*5 
855*2
8 *

8^2*** 
838*6
§35*7 832**
828.9 
827*7
822*
813*8

1.1H69 
1.1^76 
1*1530 
1.1567 
1.1606
1.1635
1.1693
1*1736
1.1787
1.1832
1.1871
1*192!1.1<
1.20!

.1093

1.2082
1*2117
1.216! 
1*221

V.0007 
3.9566 
3*9266
3*66^3 
3.8139 
3*7^*90
3*7022
3.6559 
3*5912

17*3276 
17*3306 
17*3307 
17*3319 
17*3328 
17.3362
17*3H07 
17*3399 
17.3338

17*3375 17*3350 
1733g35 
17*330 
17*3361 
17.33^7 
17.3300 
17.3332 
17.3268

9
H

a 52 .56 kcaI/mole 
Icence limit = 0.36 kcaVmole
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ix.

Run 3Pt (1) KC1.

Log D

2,8749
2.874?
2*846^
2*8200
2*8042
2.2797
2.2526
2*2044
2,1864
2*0878
2*0554
2*01?5
1*9750
1*9420
1.9009
1,7218
1*6981
1*6274
1*5977
1.5694

T

942.9
942.9
940*8
938*2
937.0
900.1
898*2
894.7
893*2
886*1
863*0
881*4
878*6
876.0
873*1
860*8
859*2
854*7
852*5
850*^

I

4*8449
4*8447
4*8152
4.7863
4.7696
4*2168
4.1883
4*1373
4*1183
4*0141
3*9794
3.9402
3*8955
3*8606
3*8172
3*6286
3*6037
3.5295
3.4981
3*4681

i£ t
1.06061*0606
1*0629
1*0659
1*0672
1*1110
1*1133
1*1177
1*1196
1*1285
l*U25
1*1346
1*1382
1,1416
1.1453
1*1617
1*163 >
1,1700
1*1730
1.1759

I"

17.5970
17*5968
17*5950
17.6021
17*6011
17*5749
17*5741
17*5760
17.5798
17*5826
17.5960
17*5821
17*5806
17.5866
17.5877
17.!>963
17.5979
17.5970
17.6017
17,6o65

a 54*84 Keal/aol«. 

cca limit = 0*58 Real/mole.
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TA8LS XI.

8ttfl_3PtUil) ECU

u..

249008
2*9058
2.2702
242175
241784
2*1136
2.0398
149699
1 48739
148169
1.7796
1,7226
1,6304
1.5966
1*4065
1.3692
143222
142742

T

945*3
945*3
89844
894*9
89241
887. 8
882*3
877*6
871*2
86742
864*6
86048
854*7
852*0
840*0
83741
834*3
83H3

I

4*8725
448775
442060
4**506
441094
440414
3*9632
3.S897
347886
347287
346893
3*6296
345325
344965
342971
342576
342084
3.1581

J|?
1*0579
1.0579
1.1131
1.1174
1.1210
1.1264
1.1334
1.1395
1. 1478
1-1531
1.1566
1.1617
1.1700
l-173f
1- 1905
1.1946
1.1986
1.2029

I"

17.3753
17.3803
17*3611
17.3566
17.3579
17.3537
17.3783
17*3569
17*3538
1743566
17; 3586
17.3591
17*3601
17.3678
17*3670
17*3760
17.3740
17.3745

53.90 Keml/aolo.

confidence Unit = 0.49 Keal/aole.



II

XII

Hun

3 2Q ill 
3 2Q iv 
3 2Q v

laean

3 4& v 
J 4G ri 
3 4G vli

me an

3 Pt i
3 Pt 11 
3 *: -i*
moan

n

31
20
25

19
15
19

20
23
18

POTASSIUM CIILOR:

'•J-rrtemp £

319-892
829-893 
827-892

810-871 
B14-872
S14-872

850 943 
530-941 
831-945

second law

+ 0.2.2 

53*50 + 0.82

52.64 j- 0.5G 
53.06 + 0.46
52.56 * 0.36 
52,73 ± 0.6?

3 jr C.

54.25 * 0.25-
53.90 j- 0.49
54.26 + 1,18

third law

52.7

52.7

weighted a©an of all runs 53.63 52.7

P(BBB; .435 - 11324



PART II
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Introduction.

The "boiling points of the liquid alkali fluorides have 

been measured at a series of pressures by Ruff 8chmidt and 

Hugdan (1922) and v.Wartenburg and Schulz (1921). Both 

suspended a snail bucket containing the salt from a sensitive 

spring balance and observed the boiling point by the sudden 

rapid change of weight.

Measurements on the vapour pressure over the eolld 

crystal are less numerous. Niwa has measured the vapour 

pressure of solid sodium fluoride and potassium fluoride 

using a weight-loss effusion method. There is an Isolated 

observation for sodium fluoride by Ryan and Twichell. 

Recently Sense et al (1957) have used a transpiration method 

for aodJusi fluoride crystal and liquid. Miller and Kusch (1956) 

in their molecular beam experiments have obtained values of 

the vapour pressure sodium fluoride which are not very 

accurate because of difficulties in estimating the slit area 

at high temperatures. No data at all exist for the vapour 

pressures of solid lithium fluoride, or rubidium fluoride 

or caesium fluoride.

qf materials.

It Is important that pure materials should be used* 

Commercial samples of sodium fluoride and lithium fluoride 

labelled "extra pure" were tried but were not found satisfactory.



Lithium fluoride of the highest purity is used for 

windows in ultra violet speetroscopy* The sample of lithium 
fluoride used was obtained by powdering a fragment of a 
broken window*

The remaining alkali fluorides were prepared "by adding a 

very slight excess of Analar hydrofluoric acid to the alkali 
carbonate in a platinum dish, evaporating to dryness and then 

strongly heating the residue to decompose any bifluoride 

which might be present* Simons (1930) states that caesium 
bifluoride, the most stable bifluoride is completely die- 
sociated to caesium fluoride and hydrogen fluoride at 500- 

600°C. Potassium t rubidium and caesium fluorides are 
extremely deliquescent so were kept in a vacuum desiccator.

Thermo chemical data*

Table XIII below gives the thermochemical data used in 
calculating the heats of sublimation of the alkali fluorides•

Table XIII

Lip 10.85 
NaF 9.66 
Kf

3.21
U-5 
3.1211. 02^

RbP 11.94* 2.?7 
CsP 11.3* 2«71*

1.60 1
2 
P

1121.3 1
7780 1265
6750 1 130
(6300) 10^8
(5700) 955

1
2
2
8
8

8.52
12.26
15.91
17.U*
19.1*

1.5,6 
3
7
9
9

a, b and c are the constants in the specific heat equation

a a 4- bT - cT~2 j AHf is the heat of fusion; TB is the
PBelting point and S° the standard entropy of the crystal.



LiP
HaF
KF 
RbP
CsF

9*. liquid
^15-51
16.00
16.00 

(16.0)
(16.0)

Ref.
1
2
2

8.
8.
8. 
8.
8.

%
a <
81
92
88 
93
93

gas

ex10
11.
6.
4. 
4.
3.

—q.

6
62
42 
42
92

(O^cm773*
500*

(400) 389*
360

Ref
10
11

11
11

*«
1.
1.
2.
2.
2.

o
A K527*
840*
129* 
246*
3453

Ref
12
12
12 
12
12

References,

1. Douglas and Dever (1954) 7.Westrum and Pitzer (1949)
2. Kelley (1949) S.Brewer (1950)
3. King et al (1957) 9.Latiraer (1951)
4. Kubachewski and Evans (l956)10.Rittner (1951)
5. Clusius et al (1949) U.Klemperer (1957)
6. Voskresenstaya (1956) 12. Honig et al (1954)

Notes:" The quantities in brackets have been estimated by 

the author; other estimated quantities are marked by an 

asterisk*

Douglas and Dever (1954) measured the specific heat of 

lithium fluoride* Their results have been fitted to the 

three constant equation using the method given by Kelley (1949). 

The curve produced is shown in Figure 13 • As can be seen, 

the linearity is excellent over most of the temperature range 

though there is a slight curvature at each end. Oestrum and 

Pitzer have measured the heat capacity of potassium fluoride 

very accurate!; Their results are in reasonable agreement 

with those given in Kelley (1949)| but since their maximum 

temperature was 50Cbg Kelley f s equation was used.

The heats of fusion of rubidium fluoride and caesium 

fluoride quoted by Kelley (1936) were not considered very
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76

trustworthy* They were measured, using a two component 

system, by Puschln and Baskow (1913)* This method is known 

to "be prone to error since the activity coefficients of the 

two salts are not known. Comparison of their values for the 

other alkali fluorides with accepted values shows that all 

their results are low* Kubachewaki and iivans (195&) state 

that the entropy of fusion for similar types of substance 

should be roughly the same. The entropy of fusion of the 

other alkali fluorides is close to 6^t/mole and this value 

was used in estimating the heats of fusion of rubidium 

fluoride and caesium fluoride.

The only directly measured vibration frequency of the 

diatomic gaseous molecule is that for caesium fluoride, 

measured by Kleraperer (1957) from studies of the infra red 

spectrum. He has determined the vibration frequencies for 

other alkali halides and finds that for the halides o* any 

one metal a plot of force constant against the ionisation 

potential of the halogen is a straight line. The extrapolation 

to the fluoride in the case of caesium gives excellent 

agreement with the experimental frequency* The extrapolation 

has been used for the fluorides of sodium and rubidium. A 

mean of the vibration frequencies for potassium fluoride 

given by Barrow and Gaunt (1953) Orabner and Hughes (1950) 

and Kleraperer's (1957) extrapolation was used. Klemperer's 

extrapolation does not work for lithium fluoride, and Kittner's 

(1951) value for the vibration frequency was used.



77

Experimental results*

The experimental results are given in Tables XIV to 
XXXVIII. The headings of the columns are the same as those 
for the potassium chloride runs. The runs using the graphite 
cell are given first* These are much less reliable than those 
using the platinum vessel» and the following discussion 
applies only to the runs obtained using the latter vessel.

In Tables XXXIX to XLIII the results are collected and 
compared with those of other authors. The weighted mean 
of the second law values obtained with each vessel and the 
weighed mean third law values are also included.

The vapour pressure equation over the temperature range 
of the experiment for the platinum vessel only is given at the 
foot of each table. In Table XLIV the weighted mean second 
law values of the heat of sublimation found using the 
platinum vessel are tabulated with the raean third law values.

The following equations were used to convert the values 
of log D (where D is the deflection of the spot of light 
in centimetres) to log p(mm), allowance having been made for 
thermal expansion of the effusion holes.

Platinum vessel Graphite vessel 
LiP log p(mm) « log D - 4.424 log p(mm) « log D - 4.739
HaF log p
KF log P
RbP log p
CsF log p

mm 
mm 
mm 
mm

log D - 4.424 log p(rom) « log D - 4.740
a log D - 4.423 log p(mm) « log D - 4.739 
0 log D - 4*421 
= log D - 4.420
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TABLE XIV, 79

Run 3 4Q (xi) UP.

Log D T if r '

2.2433
2.246-0
2.1452
2.0615
2.0362
1.9795
1.9U2
1,8432
1.8351
1.8055
1.7767
1.7210
1.5159
1.4099
1.2945-
1.2122
1.2068
1.1987

1046.1
1046.1
1038.2
1030.6
1028,1
1024,0
1018.6
1013.2101 3. '•:>
1010,2
1008,4
1004.2
939.7
982.8
973.7
969.1
968.4
967.9

0.9559
0.9559
0.9632
0.9703
0.9727
0.9766
0.9817
0.9870
0.9867
0.9899
0.9917
-.'•9958
1.0104
1.0175
1.02701.0319
1.0326
1.0332

5.7180
5.7207
5.6136
5.5242
5.4968
5.4367
5.3644
5.2917
5.3Q26
5.2516
5.2213
5.1623
4.9456
4.8339
4.711-
4.6241
4,6191
4.6105

19.515019.5177
19.5159
19.5290
19.5363
U.5325
19.5338
19.5376
U.5441
D.5393
19.5350
19.5352
19.5292
19.5200
19.5342
19.5188
19.5231
19.5232

95 confidence limit » 0.82 Kcal/raolo.



TABLK XV,

Hun 3 4G (xii) LiF.

Log D

2.2251
2.2 .'09
2*1853
2.1031
1.9652
1*9191
1.8762
1.7701
1.7259
1.6830
1.3560
1*3096
1.1303

T

1043*7
1041.9
1040*6
1033.8
1023*4
1020.2
1016.5
1008.8
1005*6
1002.7
981,3
978*2
965*4

10*
T

0,9581
0.9598
0.9610
0.9673
0.9771
0.9802
0.9838
0*9913
0.9944
0*9973
1,0191
1.0223
U0358

£

5.6977
5.6724
5.6559
5.5682
5*4218
5.3733
5.3276

' 5.2153
5.1636
5.1232
4.7737
4.7298
4.5339

I"

20.0841
20,0843
20,0859
20,0928
20.0935
20*0916
20,0999
20,1002
20.1001
20*0982
20.0811
20*0802
20.0930

A H298 = 67*81 Real/sole. 

91V confidence limits = 0,88 Kcal/iaolo.



TA8LS XVI»

3 4G (xiii) LiF.

Log D T 10'
WMMMM

T

2.2428
2U864
2,1504
1.7332
1.7076
It 6693
1,5011
1.4983
1.4564
1.4031
1.3444
1.2480
1.1847
It 1239

1046.3
1040.8
103745
1GC6.7
1004.0
10^1.2
989*8
990.1
987.4
984.1
980*2
97J.7
969.3
965*6

0,9557
0,9608
0.9«39
0.9943
0.9960
0.9988
1.0103
1.0100
1,0128
1.0162
1.0202
1,0270
1.0317
1,0356

5*7175
5.6571
5.6186
5.1759
5.1488
5*1081
4.9306
4.9282
4,8842
4,8281
4.7662
4.6646
4,5976
4.5336

20,0042
20,0200
20.0279
2C,C336
20*0379
20,0391
20,0335
20,0266
20.0245
20.0192
20.0171
20,0172
20,0204
20,v)14?

A „ a 67.50 Kcal/Eole.A 8H298 
confidonco limit = 1.10 Kcal/molo,



XVII*.

Run 3 4G (xiv) liF.

Log D 10-

2*2458
a. 2052
2.1374
2.0095
1.9552
1.9143
1.8954
1.9031
1.8525
1.7760
1.6902
1.6304
1.5933
1.4099
1.3^74
1,3324
1.2923
1.2529
1.1903
1.1644

1045. 6
1041,0
1036. ;J
1026.2
1022,0
1020,1
1017.6
1018,1
1014.7
1009,2
1003.2
999.2
996.6
984,7
982.3
979. 2
977.0
974.3
920,8
90.0

0.9564
0.9606
0.9650
0,9745
0,9785
0,9803
0,9827
0,9822
0,9855
0,9909
0*9968
1.0008
l.o 34
1.0155
1.0180
1.0212
1.0235
1,0264
1,0300
1,0320

5.7203
5.6760
b.6043
5.4683
5.4109
5.3789
5.3477
5.3553
5.3024
5.2213
5.1306
5.0678
5.02B6
4.8354
4.7910
4*7535
4,7116
4.6700
4.6045
4.5771

20.3831
20.4032
20.2990
20,4086
20.4125
20,4081
20.4137
20.4139
20.4114
20.4131
20.4128
20.4113
20*4120
20.4043
20,3982
20.4098
20,4032
20.4060
20.3957
20.3990

~ £9*28 Kcal/mole*

confidence limits a 0.7':> Keal/raola,
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Run 3 4CU XXV*

TARLS XVIII

Log D

2,2849
2,2711
2,2274
2,1790
2,1096
2,0245
1,9881
1,9217
1*8633
1,7686
1,7634
1,7101
1,6712
1*5717
U5224
1,4742
1*3979
1*3385
1,2923
1*2355
1,1903
1*1271

T

1082,1
1081,6
10?B,3
1074,8
1068,6
I06o,6
1057,7
1051,7
1047,0
1039,0
1036,0
1034,5
1031,0
1024,3
1020,9
101?,4
1012,3
1007.9
1004,5
1001,1
997*4
992,7

l£
iA

0,9241
0,9246
0,9274
0,9304
0,9358
0,9429
0,9454
0,9508
0,9551
0,9625
0,9634
0,9667
0,9699
0,9763
0*9795
0,9829
0,9878
0,9922
0,9955
0,9989
1,0026
1,00?4

3.9531
3*9390
3*8931
3*8426
3»7«93
3*6791
3,6410
3*5706
3*5093
3.4095
3*4037
3*3^3
3*3070
3*2032
3*1518
3*1014
3*0218
2,9595
2,9114
2,8522
2,8047
2,7384

I"

17*3416
17*3348
17*3294
17.3224
17*3273
17*3*00
17.3381
17*3460
17*3470
17*3544
17*3616
17*3540
17*3591
17,3480
17*3430
17*3418
17*5332
17.3347
17*3344
17*3244
17*3306
17.333S

95 * confiden
66,09 Keal/mole. 

0,86 Kcal/nolo,



Run 3 4G XXVII NaF.

TABLE XIX.

T

2*2648
2.2294
2.1901
2*1652
2*0945
2.0183
1.9H2
1.8820
1.8299
1 - 7657
1.7^04
1*6875
1.6201
1.5888
1.4997
1.4456
1.3541
1.2742

1081,6
1079*1
1076,1
1073.8
1067.6
1060*6 "
1051.4
1048*9
1043.0
1039*8
1037*9
1033.9
1028.7
1026.2
1020*2
1015*9
1009*6
1003.7

0*9246
0.9267
0.9293
0.9313
0.9367
0,9429

.9511
0,953^
0.9569
0.9617
0,9633

.9672
0.9721
0.974^
0.9802
0*9843
0.9905

.9963

3.9327
3.8956
3.0544
3*8282
3.7536
3.6729
3*5599
3*5292
3.4746
3*4072
3*3806
3*3252
3.2545
3,2216
3*1285
3.0718
2,9763
2*8927

15.2090
15.2020
15.1982
15.2007
15*2036
15.2119
15*2167
15*2190
15.2147
15*2162
Il'.2l54
15.2132
15i 21 28
15*2144
15*2033
15*2055
15*1988
15*1985

a 65*50 Kcal/mole. 

95>i confidence limit = 0.66 Kcal/siole.



TABLS XX.

Run 3 4G XXVIII, KmP.

Log D

2,2903
2 , 2695
2*2375
2 t 2271
2*1706
2*1255
2*0931
2.0630
1.9811
1.9523
1,9186
1.8274
1.7980
1*8993
1.8122
1.7896
1*7396
1*6981
1.6503
1*6021
1.5635
1.5011
1.4440
1.3945
1.3010
1.2504
1.2095

T

1082.6
1081,1
1078.4
1077.9
1072.9
1069,1
1065,9
1063,3
1056,3
1053*9
1051.4
1044*4
1041.8
1049,2
1043*0
1040*8
1036,9
1033*9
1030.5
1027,0
1024,3
1019*6
101^*3
1012*3
1006*1
1002*7
1000*1

1C3 
T

0,9237
Q.9250
0,9273
0*9277
0,9321
0.9354
0.9382
0.9405
0,9467
0,3489
0,9511
0,9575
0.9599
0.9531
0.9588
0.9608
0*9644
0.9672
0*9704
0,9737
0.9763
0*9808
0*9849
0*9878
0,9939
0.9973
0.9999

I

3*9586
3*9370
3*9032
3*8926
3*8330
^*7057
3*7511
3*7192
3*6330
3*6026
3.5673
3.4716
3.4408
3*54*5
3.45^7
3*4318
3*3791
3.3358
3*2859
3.2355
3.1950
3*1297
3*0698
3.0184
2.9209
2*8682
2*8256

I"

17*5338
17.5313
17*5313
17*5266
17*5317
17*5329
17.5394
17.5413
17*54*2
17*5^2
17*5452
17.5436
17.5480
17.5538
17.5468
17.5523
17*55-25
17.5503
17.5474
17.5455
17.5432
17.5441
17.5449
17.5357
17.5278
17.5251
17.5207

93$ conf id«nc«

3 67*05 Kcal/»ola. 

0,76 Kcal/mole.
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TABU XXI.

Hun 3 4G (xy) KB*.

Leg D I"

2*2312
2.1864
2,1467
2.1239
2,1169
2*0821
2,0366
1.9800
1*9571
1.8797
1.8681
1.7604
1*6637
1*6201
1.5809
1*4967
1.4472
1,4065
1,2455'

943*6
940,3
937,0
935*3
934*8
932*1
928,8
924,5
922,6
917*7
916,7
909.4
902*8
899*9
897.5
892*1
889*2
886,1
876,8

1*0598
1.0635
1.0672
1.0692
1.0697
1.0728
1.0767
1,0817
1,0839
1.0897
1*0909
1*0996
1.1077
1.1112
1.1142
1.1210
1.1246
1.1285
1.1405

5*7619
3.7142
5.6719
5.647?
5.6402
5*6033
5.5550
5*4949
5,4703
5*3888
5*3763
5. 2625
5.1614
5.1143
5*0730
4.9842
4.9323
4,8889
^.7199

19*3791
19*3789
19*3841
19*3856
19*3846
19*3876
19*3893
19*3935
19*3971
19*3901
19*3931
19.3910
19*3940
19.3919
19*3891
19.3905
19*3821
19.3888
19*3740

a6 Kcal/mole,

confidence liraitc s 0.57 Kcal.



TABLSXXIL 89

Run 3 AC jCxvly KF.

Log D

2,2440
2.2338
2.1973
2,1697
2.0962
2.0667
1.8531
1.7903
1.7308
1.6684
1,4472
1,3997
1.2833
1.2504

T

944,6
943,9
941,3
938,9
933,7
930,5
916.0
911.6
907,5
903t3
889,0
885,9
878,3
876,6

V?
T

1,0586
1,0594
1,0624
1*0651
1.0710
1,0747
1.0917
1.0970
1.1019
I f l071
1.1249
i.1288
1.1386
1,1408

L

5.7755
5.7647
5,7260
5.6965
5.6187
5,5865
5,3609
5,2943
5,2314
5,1654
4.9321
4*8818
4,7590
4.7247

I"

19*2828
19*2822
19*2818
19,2867
19*2842
19,3037
19*2905
19,2915
19,2912
19.2915
19*2853
19*2848
19*2870
19.2808

Keal/aole, 

95 confidence limits « 0,48 Keal,



TABLS XIIII.

Run 3 40 (xviil i-:F_,

Log D

2*2433
2.2348
2,180?
2*1424
2*0824
1.9085
1,9063
1.8102
1.6998
1*6294
1.5763
1.5079
1*4133
1.3324
1.2923
1,2625

2.8677
2.8597
2,8497
2.8701
2.8705

T

944*9
944*1
940*1
937*2
932.6
919.5
919*5
912*9
905,4
900*6
897. 1
892*6
886*4
881*4
878*8
876*9

992,1
991tl
989*9
992*1
992,1

10*
T

1.0583
1,05921.0637
1.0670
1*0723
1.0875
1.0873
1.0954
1 . 1045
1,1104
1.1147
1.1203
1,1282
1.1346
1.1379
1,1404

1,0080
1.0090
1.0102
1,0080
1.0080

I

5*7755
5.7659
5*7089
5*6677
5.6040
5.4191
5.4169
5.3153
5.1986
5.1241
5*0680
4*9959
4,8960
4,8108
4,7685
4,7370

6*4377
6,4290
6*4176
6*4401
6,4405

I"

19*3713
19*3733
19*3741
19*3753
19,3797
19.3900
19.3878
19.3877
19*3861
19*3892
19*3B84
19*3882
19*3898
19*3868
19.3369
19*3875

19.3873
19*3915
19.3955
19.3897
19*3901

= 58.15 Keal/mol®.
93 confidence limits s 0*31 Kcal/raolo.
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TABLS XXIV.

Run 3Pt

Log 0 f

2,9222
2,9180
2,8745
2.8691
2.8276
2.8229
2.7996
2.3012
2.290?
2,2256
2,1562
2,024!,
1.9186
1,8631
1.8136
1.7657
1.7210
1*6532
1.5877
1.5315
1.4857
1.4298
1.3541
1.3^24
1.3012

il-v, r*
H2'u4
1120.4
1119*6
1116.1
111 1*;, 6
1113*4
1073*8
1072,8
1067*6
1061 i 7
1052,2
1044,5
1040,9
1036,6
1033*2
1029*7
1024,7
1020,2
1016,7
1013*5
1009.8
1004,7
1004,2
1C 1,5

6; 4578
6*4330
6,4064
6,4008
6.3564
6.3516
6,3262
5*7976
5.7863
^.7174
5.6432
5*5039
5,3923
5,3388
5.2810
5.2307
5U829
5*1111
5.0419
4,9831
4,9347
4,8757
4.7960
4.?836
4,7406

0.8892
0,8894
0,8925
0,8932
0,8960
0,8964
0.8981
0,9313
0,9321
0,93^7
0,9419
0,9504
0,9574
0, 9607
0,9647
0.9679
0,9712
0*9759
0,9801
0,9836
0.9867

- 0.9903
0.9953
0,9958
0,9985

20.3931
20,3915
20,393*
20,3988
20,3983
20,3998
20,4010
20,3927
20,4096
20,3971
20,4044
20,3983
20,3964
20,3947
20,3995
20,3994
20,4033
20,4052
20,4018
20,3978
20,3980
20,3954
20,3941
20,3895
20,3889

Kcal/nola.

95'. confl<tence limits s 0,44 Kcal/molo,



TABLS XXV. 93

Run 3Pt (vUi) Lif.

Log 0

2.9190
2.9075
2*8983
2*8846
2.8525
2,8247
2.7994
2*2487
2.2098
2.1553
2.1096
1.9912
1.9269
1*8739
1.8089
1*7582
1*6503
1.627*
1.5717
1.5024
1.4265
1*3502
1.3201

*
1125*6
1121,6
1122*1
1121*9
1119*1
1116,5
1114*3
1069,6
1066,6
1062,6
1059*2
1050,4
104,S*8
1041,5
1036*9
1033*9
1024*9
1023*3
1019.2
1014,5
1009*0
1003*7
1001*6

I

6*4553
6,4423
6.4316
6.4179
6.3836
6*3541
6*3267
5*7420
5*7009
5*6431
5.59*6
5*4691
5*4015
5*3*53
5.2763
5.2233
5*1082
5*0840
5*0251
5*9523
5*8717
5*7913
5*7596

1

0,8884
0.8900
0*8912
0*8913
0*9836
0*8957
0.8974
0.93*9
0.9376
0.9*11
0.9A41
0.9520
0,9562
0*9602
0.9644
0.9672
0.9757
0*9772
0,9812
0*9857
0*9911
0*9963
0.9984

I"

20.2729
20,2848
20.2927
20,2806
20.2820
20,2852
20,2842
20.2828
20.2837
20,2803
20.2785
20*2759
20,2736
20*2796
20*2759
20*2663
20*2836
20,2827
20*2860
20.2832
20*2865
20,2871
20*2880

« 70*27 Kcal/mole,

95 confidence limits = 0*31 Keal/aole.



TABUS XXVI,

Hun 3Pt (lap. UF.

Log P

2*9044
2.8948
2*8434
2.8252
2*8022
2,6737
2,2076
2.1581
2.0770
2.0183
1.9238
1*7952
1.726?
1.6590
1.5J66
1,5024
1*4014
1.3856
1,3201
1*309^

.-

A

112J.1
1123*1
1118,6
mvfo
1115.1
1071,8
106f>,8
1062,8
1056,9
1051*9
1045.5
1035*7
1030*5
1025*6
1021.2
1014.5
1008*0
1006,3
1002.6
10-1.6

L

6.4386
6*4289
6.3741
6.3547
6.3302
5.7686
5*6987
5.6459
5*5603
5*4976
5,3983
5,2619
5*1894
5,1182
5*0515
4.9523
4,8459
4.8291
4.7603
4.7491

!'

10^
«MM»M ••«»•

i

0.8904
0.8904
0.8940
0.895>
0.8968
0.9350
0*9374
0.9409
0*9462
0.9507
0,9565
0.9655
0*9704
0*9750
0,9792
0*9857
0.9921
0.9935
0*9974
0.9984

0

I"
20.3000
20.2903
20.2915
20.2924
20.2912
20*2932
20,2918
20*2935
20.2904
20.2977
20.2887
20,2924
20.2962
20,2966
20.2953
20.2973
20*2905
20,2-r/:-
20.287*
20,2913

» 70*33 Kcal/mole.

confidonco limit = 0.29 Kcal/raole,
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TAi U XXVII.

Run 3Pt U) SaF*

Log D T
T

I"

2.9249
2.9014
2*8783
2*8418
2*8190
2,2916
2*2425
2.1841
2,1323
2,0550
2,0052
1.9479
1,8842
1,8370
1.7839
1.7251
1.5877
1*5366
1,4698
1.3979
1.3404
1,2810
1.2330

1165.0
1162,2
1160,2
1156.9
1154,5
1109*0
1104«5
1099,5
1095*2
1088.9
1084,6
1079*8
1074.6
1070,3
1066,6
1061.7
1050,7
1046.4
1041,0
1035*6
1031.0
1027.0
1022.8

0.8584
0.8604
0.8619
0.8644
0.8662
0,9017
0,9054
0.9095
0,9131
0.9184
0,9220
0.9261
0.9306
0.9343
0.9376
0.9419
0.9517
0.9556
0.9606
0.9656
0.9699.
0.9737
0.9777

4.6449
4.6198
4.5955
4*5568
4.5325
3.9767
3.9248
3.8632
3.8087
3*7275
3.6750
3.6146
3.5477
3.4978
3.4423
3.3804
3.2361
3.1822
3*1121
3.0368
2.9763
2.9144
2.8636

17.5318
17.53^7
17*5349
17*5338
17.5365
17*5136
17.5173
17*5192
17.5168
17.5152
17.5167
17.5179
17.5185
17.5242
17.5182
17.5209
17.5237
17.5283
17.5333
17.5331
17.5371
17.5323
17.5415

^ U =68.49 Kcal/mole* 

confidence limit s 0.47 Real/mole.



(xi)

TABL3 XXVIII.
91

tog D
T

1"

2,9063
< ,9068
2,8720
2.8246
2.7979
2.2718
2.1523
2,1014
2,0366
1.9643
1,8848
1,8149
1.7348
1,7267
1.6599
1.5798
1.5289
1.4249
1.4314
1.3541
1.2878

1163.5
116:^.5
1160,2
1155*8
1152,8
1107.9
1097,8
1093*4
1088,2
1081.3
1075*3
1069,8
1063*3
1062.6
1057.2
1050.9
1046,8
1038.8
1039*0
1033*2
1028,2

0,8595
0,8595
0,8619
0.8652
0.8675
0,9026
0.9109
0.9146
0,9189
0.9248
0.9300
0,9348
0.9405
0,9411
0.9459
0.9516
0.9553
0.9626
0.9625
0.9679
0.9726

4,6254
4,6260
4,5892
4,5389
4,5103
3.9563
3.8304
3.7766
3.7087
3*6320
3.5487
3.4753
3*3911
3.3826
3.3124
3.2283
3*1748
3.0658
3.072^
2,9914
2,9220

17.6194
17.6200
17.6195
17*6191
17.6253
17.6019
17.6015
17.6036
17*6007
17.6132
17.6085
17.6077
17.6097
17.6103
17.6126
17.6147
17.6171
17.6185
17.6236
17.6242
17.6259

= 68,9# Keal/siol®. 

95X. confidence limit = 0,4f Kcal/mole,



TABLSXXIX. 98

Run 3Pt (xii)

Log D T

2.9264
2.8936
2.8627
2.8389
2.8083
2,2949
2.2271
2.1703
2.1113
2.0141
1.9494
1.8109
1.7177
1.6325
1.5670
1.4983
1.4031
1.3385
1.2648

1165.8
1162.3
1159.7
1157.4
Iiyu6
1110.0
1104.2
1099.4
1094.4
1086; 7
1082; 2
1069.8
1062;3
105S>.7
1050.5
1045.3
1037.4
1032.5
1027.7

0,8578
0.8604
0.8623
0.8640
0.8661
0,9009
0,9056
0*9096
0.9137
0.9202
0.9240
0.9348
0,9414
0.9472
r;;9519
o;9567
0.9639
0.9685
0.9730

4.6469
4.6120
4.5795
4^5342
4^5220
3.980?
3.9091
3i8494
3.7872
3.6851
3.6177
3.4713
3.3734
3.2841
3.2152
3.1433
3.0431
2.9754
2,8986

17.6687
17.6733
17.6*96
17,6701
17.6698
17.6568
17.6565
17.6575
17.6376
17.6541
17.6444
17*6620
17.6643
17.6630
17.6655
17.6664
17; 6755
17.6777
17.6692

s 69*26 Kcal/mole.

confidence limits » 0.49 Kcal/aiola,
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/po
TABU XXX,

Hun 3Pt (xlii) KP.

Log D

2*9222
2*9254
2,8943
2*8568
2*8253
2,2735
2,2175
2,1553
2,0948
2,0565
1.9227
1,8871
1,8149
1.7412
1,6675
1.5955
1,5263
1*4502
1,3838
1.3075

T

1023*2
1022,9
1020,3
1017*3
1014*6
970*7
966*7
961,9
957*4

954*6
945*0
941.9
93^,9
931.5
926.2
921,5
916*8
911*2
906.5
901,5

I

6,5171
6.5201
6,4869
6*4470
6,4134
5*8263
5,7672
5*7009
5,6368
5*5961
5,4545
5,4163
5,3*00
5*2618
5,1837
5.1079
5*OW
4,9539
4,8835
4,8028

i£
T

0*9773
0*9776
0,9601
0.98^0
0*9856
1*0302
1,0>H
1,0396
1.0445
1.04?6
1*0882
1*0617
1,0674
it 0735
1*0797
1*0852
1.0908
1.0975
1.1031
1.1093

I"

19,2759
19*2828
19*2823
19*2602
19*8528
19,2757
1942715
19*2731
19*2729
19*2727
19*2695
19.2770
19*2751
19*2765
19*2794
19*275*
19.2753
19*2820
19*2847
19*2849

« 59*11

confidence Halts = 0,22 Keal/nole*



RUB 3Pt

Log D

2*9111
2.8763
2*8408
2,8105
2*2809
2.2567
U9827
1.9238
1*8142
1*7364
1.6551
1*5809
1.5U9
1*4362
1.3766

T

1021*8
1016,8
101i>*8
1013*4
971*8
969*4
94*5*8
94^*6
956,3
930*7
924,6
91%8
91'**8
909*6
90t>*3

tt

6*5049
6*4676
6*4298
6*3976
5*8425
5*8086
5*5176
5*4553
5*3386
5*2564
5*1700
5*0918
5*0184
4*9385
4*8752

*£
T

0*9798
0*9815
0*9844
0.9868
1*0290
1 .0316
1*0540
1*0586
1,0680
U0745
1,0815
1*0872
1*0931
1*0994
1*1046

I"

19*8050
19*2040
19*2038
19*2028
19*1953
19*1951
19*1948
19*1922
19*1977
19*1996
19*2041
X9U998
19*2030
19*2048
19*2090

AiH298 * 58*74 K«al/»ol«t 
confidanca limit & 0*29 Keal/aol**



3Pt.,..(xy) KF.

102. 
TABLK XXXII.

Log D

2,9274
2.8923
2.8582
2,8322
2.7979
2,2380
2,2151
2.1129
2,0366
1.9533
1.8698
1.8041
1.7235
1.6415
1.6042
1.5416
1.3729
1.3181

T

1023*2
1020.2
1017*2
1015.1
1012,4
968.2
966.5
95B.9
953*2
946,7
940.8
935*8
930.0
924,6
921.5
917*5
905*3
902.0

£

6.5223
6.4848
6.4484
6.420?
6.3843
5.7B89
5.7647
5.6562
5.5752
5.4866
5*3982
5.3283
5.2430
5.1564
5*1166
5.0505
4.8715
4,8140

i£
T

0.9773
0.9802
Q.9831
0,9851
0.9877
1,0328
1.0347
1.0429
1.0491
1.0563
1.0629
1.0686
1.0753
1.0815
1.0852
1,0899
1.1046
1.1086

I w

19.2582
19*2585
19.2599
19.2583
19.2558
19*2481
19.2486
19,2470
19.2468
19.2521
19*2497
19.2540
19*2561
19.2503
19*2587
19*2538
19.2664
19.2610

95$ confidence limits - 0.30 Kcal/mole.
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TABLES XXXIII.

Sun 3Pt XVI.

Log D
T

I"

2*9045
218549
2,8365
2,7889
2,2563
2,1998
2,1380
2,0763
2.0086
1.9047
1.8376
1.8089
1.7284
1.6702
1.6085
1,5453
1*4771
1*4183

958,6
955,1
953*2
949,6
910,5
906,5
902,0
898,0
893,2
885.7
881*4
878,8
873,8
870,0
865,5
861,5
857*3
i>5J*.

7,6752
7*6217
7,6022
7*5513
6,9811
6,9188
6*8486
6.7891
6*7168
6,6053
6*5341
6,5028
6*4172
6,3552
6,2891
6*2219
6.1^95
6.0861

1.0432
1,0470
1.0491
1.0531
1*0983
1.1031iao86
1.1136
1.1196
1.1291
1.1346
1*1379
1,1444
1*1494
1.1554
1,1606
1.1 6fo
1*1723

20,5508
20*5442
20,5507
20*5491
20.5368
20,5337
20*5314
20,533^
i'0,5354
20.5411
20.5378
20,5473
20,5419
20.5416
20,5496
20,5490
'-'0,5457
20,5551

= 55*62 Kcal/mole. 

confidence limits a 0.25 Kcal/raole.
sH298



Run 3Pt. XVII.

70 5"

1ABLS XXXIV.

Log D

2.9169
2»8607
2*8341
2.7918
2*2936
2*2191
2*1467
2*0569
1*9965
1,9232
1*8585
1.6513
U5763
1*5289
1,4728
1*4265

T

959*8
955*6
953*2
950* i
913*4
908*1
902.9
896,6
892.3
88?.3
882.6
868*>>
863*4
859*6
856.1
853*?

I

7.6888
7.628?
7*5998
7*5545
7.0215
6*941?
6,8642
6,7683
6^703?
6.6254
6,5562
6,3347
6,2546
6,203^
6*1440
6.0951

i£
T

1*0419
1.04^5
1,0491
1*0525
1*0948
1*1012
1,10?5
1*1153
1*120?
1*1270
1-1330
1*1515
1.1582
1*1633
1*1681
U1714

I*

20t4??4
20*4738
20.4766
20,4732
20,4595
20,4582
20,4580
20^4579
20,4596
20,4566
20,4630
20,4666
20,470?
20,4823
20¥4817
20,4733

299 c« 1
55*31

9f> confidence limit = 0,52 Kcal/mole.



/06

Run 3Pt (xvlil) Bbf .

TA8LS XXXV.

Log D

2,91X0
?,8644
2.8359
2,3050
2.2253
2.1801
2.0810
2.0124
1*9370
1.8523
1.7952
1.6395
1.5211
1.4639
1.4150

T

959.1
955*8
953*2
950.7
908*4
904*8
897.7
892.0
883.0
881.9
877*6
867.9
860.3
856.8
853*5

I

7.6821
7.6325
7*6016
7.5683
6.9483
6,8995
6.7934
6.7194
6.6399
6.5494
6.4879
6.3225
6.1965
6.1357
6.0835

i£
T

1.0426
1.0462
1.0491
1.0519
1.1008
1.1052
1.1140
1.1211
1.1261
1*1339
1.1395
1.1522
1.1624
1.1671
1.1716

I**

20t5929
20.5879
20.5929
20.5943
20.5799
20.5855
20.5884
20.6023
20.5848
20.5909
20.5987
20f5906
20.5909
20.5883
20.5918

a 55*81 Kcal/»ol«, 

confidence limits a 0.33 Kcal/acle.
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Run 3l*t IV CsF

TABU axtri,

Log D

2,9245
2,8984
2,8998
2*8607
2.8501
2,8315
2,8104
2*304?
2.3065
2,2660
2,2076
2,1649
1*9773
1,9058
1.8445
1.75^6
1.6201
1.5575
1.4713
1.37S4
1.29^9
1.28?8

T

855,9
853*3
854,0
850,9
850.2
849,0
847.1
814.1
814,1
811.7
807.7
804.9
792,8
7#**3
784,5
779*4
77U6
768,0
?6j>.3
7^8. 2
753*9
753*2

T

1.1684
1.1712
1.1710
1,1752
1.1762
1.1778
1.1805
1.2284
1.2284
1.2320
1,2381
1,2424
1.2614
1.2686
1.2747
1.2830
1.2960
1.3021
1,31 1
1,3189
1,3264
1.3277

I

6.7319
6.7040
6,7056
6,6637
6,6524
6,6327
6,6100
6,0741
6.0759
6.0332
5,9711
5,9258
5.7268
5,6510
5.5861
y.4933
5.J496
3,2833
5,1926
5,0949
5,0111
4.9992

I«

19*4427
19*4453
19,4447
19*4485
19,4480
19,4458
19*4524
19*4376
19,4394
19.4359
19.4401
19.4416
19.4493
19,4518
19.4433
19.4508
19.4485
l-j.4486
19.4449
19,4430
19.440?
19,4430

298 a 49,073 Kcal. 

confidonco limit = 0,18 Kcal/molo.



IABL8

Run 3PtvCsF

Log 0 T
T

I"

2,916?
2,8819
2,856?
2,8242
2*2969
2,2700
2.0748
2.0484
1*9886
1*9768
1,9274
1*8?56
1,7143
1,6571
1,4440
1.4166

855*1
852*5
850*4
848*3
813*3
811*4
798*4
796*8
793*2
792*3
789*4
785*6
776,3
772*6
760*7
759*3

1*1695
1*1730
1*1759
1,1788
1,2296
1,2324
1*2525
1,2550
1*260?
1*2618
1*2668
1*2729
1.2882
1*2943
1,3146
1*3170

6.7234
6*6862
6*6591
6.6248
6,0656
6*0>68
5*8295
5*801?
5*7385
5*?26o
5,6?3?
5*6183
5*4481
5*3875
5.1629
5*1341

19*5013
19*301?
19* 30-^8
19,302?
19*2899
19*2912
19*3001
19*2991
19*2972
19*2966
19*2981
19*3083
19,3026
19*3076
19*3013
19*2984

298 a 48*5' Kcal/aole. 

confidonco limit is, 0,26
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TABLE XXXIX 

LITLIULI FLUORIDE

Reference Run n temp, °K
AsH298 
second lav

kcaI/mole 
third law

This work 3 MJ xi 
3 M} xii 
3 ^ xiii 
3 M} xiv

18

8
20

968-10*4-6
965-loM* 
966-10U6 
969-10U6

weighted mean value

This work 3 Pt. vii 
3 Pt viii 
3 Pt. ix

25
23
20

1001-1125 
1002-1126 
1002-1123

65.1^*0.82 
67. 81 i 0.88 
67.50± 1.10 
69.28iO.75
67.^^-3.69
70.811 O.Mf 
70.271 0.31 
70.331 0.29

weighted mean value 70.37 1- 0.73

Ruff, Schmidt & 
Mugdan

v. Wartenburg and 
Schultz

1671-1939 66.99-0.69

5 1626-1820 67.18 ±0.78

63.7

This work P = 11.567 - 1^.697
T



SODIUM FLUORIDE

112.

Reference Hun o. n temp* K second law
kea I/mole 
third law

This work 3 **0 xxv 22
3 }*G xxvii 18
3 Ml xxviii 27

weighted mean value
This work 3 Pt. x 23

3 Pt. xi 21
3 Pt. xii 19

weighted mean value

993*1082 
100H-1Q82 
1000-1083

66.09^0.86 
65.50 ±0.68 
67.05* 0.76
66.22 ±1.95

1023*1165
1028-116* 68.98±O.U6
1028*1166

68.91^0.99

67.2

67.1

Miller and Kusoh 
Sense et al 
Ruff Schmldt &

v.
Scbultz 

Sense et al.

I 1053-1112 6**. 15 10. 97
1135-1139 68. 88 ±0.^5
1220*1265 72.82tO.96

1699-1971* 69.
5 1672*18 
9

71.96^0.08 
68.85 tO.79

65.6
68,6
66.2
65.7
66.2
65.9

This work Iog10p (mm) s 10.811 -



TABLE XII 

POTASSIUM FLUORIM

Reference Run n temp.°K second law
kcaI/mole 
third law

This work

weighted mean value

3 H 
3 U3 **

G xv 
G xvi 
G xvii

8
21

877~9Mf
877-9^5 
877-992

58.16-0.57 
57.75*0.^8 
58.15t 0.31
58.09^0.^5 57.6

This work 3 Pt xiii 
3 Pt xiv 
3 Pt xvi

weighted mean value

lliv/a
Rn£f Schmidt &

Mu.gdan 
v. Wartenburg &

Schultz

20 902-1023
15 905-1022
18 902-1023

6 913-973
6 1551-1773
5 162H--1776

59.11*0.22 
58.71* ± 0.29 
59.00 to.30
58.97 ±0.47 
56.0310.18
60.39^2.61 

t 0.87

57.6
55.1
56.5
56.7

This work log,n p(mm) = 10.^9 - 12 r275
T



114
TABLE ffiii

KOBIDIOM FLUORIDE

_ ^ -^ kcal/oole 
Reference Run n temp.°K second law third law

This work 3 Pt xvi 18 853-959 55.42to.25- — -- "i^U ------ —
. *r^fc3 Pt xvii 16 85^9

3 Pt xviii 15 85*f~959 55.81^0.33
weighted mean value 55,6^~ 0.65 5^.83
Buff Schmidt and

Hugdan k 1598-1673 52.1 ± v. Wartenburg &
Schults 11 Ih 36-1683 5*f,08i0.58 5^.55

This work log1Q p(mm) » 10,527 - 11551/T



TABLE XLTTT

CAESIUM FLUOBIDE

Reference Hun n

This work 3 Pt Iv 19
3 Pt v 16 759-855

s H298 
second law
H9.Q7 * 0.18 
**8.51 * 0.26

3 Pt vl 22 7S>>8$6 H8.15 ± 0.29 
Weighted mean value 
Buff Schmldt and

**8«73 ± 1,02 

6 1355*1528 **2.9 t 1.3

v. Wartenburg and 
Schultz

kcaI/mole 
third law

7 1319-152H ^5.7 t O 

This work log^ p (am) = 10.^37-1020-8/T

Substance

LiF
WaF 
KF

CsF 
KC1

TABLE XLIV

A sHa98

second law

70 .>* 
66.9 
59.0 

•o

(Platinum 
vessel)

third law

67.1
57.6

52.7

kcaI/mole 

Difference

1.8
1>
1.2 
O.lf
1.7



116

Discussion of results*

The agreement between this and previous work is 
reasonable as may be seen in Figures 22 and 25 where the 
results for sodium and potassium fluorides are plotted. 
Nlwa*8 results both for sodium and potassium fluoride are 
high. He used a platinised quartz effusion cell which, he
states 9 showed signs of having been attacked during the

*
experiments* It seems likely therefore that the high vapour 
pressure was partly due to SiF, produced in reactions of the 
type.

6NaP +

Ha2SiP6 « 2HaP

As a further check on the agreement between the present 
work and that carried out on the liquid, the vapour pressure 
at the melting point was calculated from the equations given 
by Ruff Sohmidt and Mugden (1922) and v.Wartenburg and 
Schultz (1921), and from those given in Tables XXXIX to 
XLIII. The results are given below.

log p(mm) at the melting point 
Substance liquid data present work

LiP 
NaP 
KP 
RbP 
CsP

R S <fc U 
-1.648 
-0.710
-0.431 
-0.328 
+0. 057

v.w <& s 
-1.703 
-0. 579 
-0.207 
-0.215 
-0.171

-1.521
-0.533 
-0.365
-0.496 
-0.241
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Reference may here be made to Table XII where the results for 

potassium chloride are collected.

The most striding feature of Table XLIV is that the 

second law values are appreciably higher than the third law 

values, the difference being large for lithium fluoride and 

becoming less for the fluoridee of the heavier metals. It 

is possible to reconcile the two values by assuming that the 

vapour contains appreciable concentrations of ^*®6p and 

perhaps higher polymers* and this is discussed below*

A consideration of the errors in tfoe measured heats of 
sublimation,

Systematic errors can arise from three causes:

1) Errors in the absolute calibration constant

2) Errors in the measurement of temperature

3) Krrors arising from the use of inaccurate thermal data.

1) The principal error here is in the measurement of the 

area of the holes. It is estimated that the error is not 

greater than Q.5; :« The error in measuring the thickness of 

the hole is more difficult to estimate, but in any case, the 

f factor is not very sensitive to changes in the ratio 

(thickness/diameter) and it is thought that little error was 

introduced here. Comparison with the work of other authors 

has shown that the calibration constant is fairly accurate. 

An error of 2$ in the absolute pressure produces an error of 

only .04 k.calat 1000 * in the third law value of the heat of 

sublimation.
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2) Errors in the measurement of temperature*
These could be more serious, since they affect the 

second law values of the heat of sublimation* Each calibration 
point could be determined within * i°C. This means a 
maximum error between two calibration points of 1C« The 
calibration points are roughly 250°C apart, and each run 
stretches over about 123 C so that the error between the 
ends of a run is about &°C» The errors in interpolation 
should not be greater

The total possible error between the ends of a run due 
to calibration errors is thus about 1°C which is roughly 
equivalent to a change of 0*5fc ca^mole in the second law 
value of the heat of sublimation*

It is known that base metal thermocouples change their 
calibration with use* A check calibration run using potassium 
chloride was carried out at the end of the series of experi­ 
ments and gave results Identical with the calibration runs 
carried out at the beginning of the series, so it was 
considered that the thermocouples had not aged appreciably 
during the course of the work* 
3) Errors arising from the use of inaccurate thermal data.

Errors in the heat capacity equations for the solid and 
gas tend to cancel in the third law treatment since the error 
appears in both the entropy and heat content terms*

In the table below are given the maximum possible errors
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arising from inaccurate thermal data. The limits of error 

given by Kelley (19U9) In his heat content equations for the 

solids were used where possible. The error in the entropy was 

calculated assuming the worst possible case where Op from the 

equation is always either higher or lower than the true value 

over the entire temperature range from room temperature to the 

temperature of the high point.

For the gases In which the vibratlonal frequency was 

estimated, the entropy and heat content changes associated 

with a change in frequency of t 50cm have been found.

Error In second Brror in third 
law value of law value of

KC1
LIP
NaP
KP
RbP
GsF

0
0
0
0
0
0

-19
.17
•42
• 37
.27
.17

CL/7

0,62
0.56

The errors in the entropies of the crystal at room 

temperature estimated by the original authors has been 

included in the error in the third 'law values*

The gas molecules were assumed to carry out simple harmonic 

motion. The affect of anharmonlclty and centrifugal stretching 

on the entropy of potassium chloride vapour at 1000°K was found 

to increase the entropy by 0.13 e.u. The actual error in the 

third law value of the heet of sublimation will be smaller than 

0.13 Kcal/raole 8 * 1000°K since the heat content of the true 

enharmonic gas Is greater then that of the Ideal S.H.M. gas 

(Mayer and Mayer (19U6)).
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The standard entropies of rubidium end oaesium fluorjdes.

There is no experimental data for the standard 

entropies of crystalline rubidium or caesium i'luorides. 

The values for this quantity calculated by the reverse of 

the usual third law treatment, assuming the heat of 

sublimation fr6m the second law treatment, are shown 

below. They are compared with Latlraer's (1951) 

estimated values: the agreement is fair.

S°298 oalc - S°298 Latlmer

RbF 16.5 e.u. 17.U e.u. 

CsP 19.6 e.u. 19,1 e.u.
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«vlriftnn« for the exifltencq of polvmarfl in the vanoura .fl£

Delta ( 2056) carried oat experiments on the vapour pressure o f 

potassium chloride using an absolute manometer and a Knudsen effusion cell. 

The results obtained by the tito methods agreed closely and he concluded 

that there was lass than K$ of dlmer in the gasf thou^i as he says, the 

method ie insensitive, and even 5f the vapour were entirely disser, the 

two methods -would gl*ws values of the vapour pressure di f fering by a 

factor of only Vs.

Ziram and Mayer (3B44) measured the vapour pressure of potassium 

chloride over a wide temperature range • Shay calculated the entropy of 

the gas at 80G°K assusdng it to be a ndxture of monomer and di» rf and 

showed by a comparison between th© experimental entropy and the calculated 

entropy that the degree of association must be small ( £2$)•* •* ***

Recently nore direct eridenoe for the presence of diners has been found 

using mass spectrometer and nolccular beam technics. Friedmam (1955) 

investigated the mass spectrum of lithium iodide vapour effusing from a 

Knudsen effusion cell, lie found large concentrations of MX* and » 
uhleh he concluded could liave been formed only &w® ctoera or trifi»rs.

He concluded that the vapour contains approadisately equal concentrations of 

monotaer and diraer, but owing to the absence of data on their ienisatiott cross- 

sections was tmabl© to measure their true con«etitimtions, Hobson (1955) 

carried out siMlar experSmeuti on the vapour of the chloride* of lithium,

sodium and potassium. H« *wa*d large intensities of ion* of the type Li ci *
& n

and ^£31^*% ^iere <» * n)> 2, in the va|>our of lilMum chloride. He proposed 

that these coszplex ions mi$it be formed by a clustering process in 'which
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atomic and molecular ions combine with neutral diatomic 
molecules » but was unable to explain all the features of the 
mass spectrum in this way and considered it likely that there 
were polymers in the vapour*

Ochs, Cote and Kusch (1953) in their molecular beam 
resonance studies on sodium fluoride, chloride, and iodide 
observed a peak in the sodium resonance graph which could
not be explained by the theory for diatomic molecules. It

\ 
was found that for a given temperature of the slit section
of the oven producing the molecular beam, the intensity of 
the peak increased with the pressure in the oven as one would 
expect if it were due to a dtmer , They estimated that tfimers 
constituted 25-75S of the total beam. Later Kusch (1953) 
reconsidered the data on sodium fluoride and gave the fraction 
of the total beam which consists of diaers as 10^.

The most important evidence for the existence of polymers 
in the gas phase is due to Miller and Kusch (1956). These 
authors analysed the velocity distribution in molecular beams 
of ten alkali halides and found significant concentrations 
Of dimer in all except the caesium salts and measurable 
concentrations of trimerfOP lithium chloride, lithium 
bromide and sodium fluoride. Prom a study of the composition 
of the vapours at a series of temperatures, it was possible 
to calculate the energy of diffle*isation ( ^^) using the 

equation

d (In
dT



where K is the equilibrium constant expressed in terms of 

contrentation for the reaction

2 MX ̂ e MgXg

A summary of the results obtained by these authors is 

given in the table below. The ratios P-j/P, P2/? > and P 

(where p^, p^, p_, p are the pressures of monomer, dimer,
X.

trioer and the pressure of all three, respectively) were 

calculated using the formulae

Pj V5
1 -*/2 - 2>|/3' B 1 - S/2 - 2«]/3 P 1 - S/2 - 2rj/3

where *> and "*) are the fractions of diatomic molecules which 

are associated to dimer and triaer respectively. The 

original paper gives the method of calculating 8 and T| 

A^E«, is the heat of dissociation of trimer to monomer and 

dimer

Table XLV

Temperature at
which total 0 pl £2 £3
pressure is ICTim T P~ T5" kcal

RbCl 866°K 0.919 0.081 48.1+0.6
KC1 89? 0.890 0.110 .. 4^.8*0.7
KI 823 0.941 O.o59 45:2*0.9

0.872 0.083 0,045 42.9*1.3 87.0+6.5



The most notable feature is the high degree of aimer 18" 

ation in the lithium halide vapours decreasing for the halides 

of the heavier elements. For the lithium halides, 

tends to increase as the atomic weight of the halogen 

decreases* Friedman*s data were used to calculate 

for lithium iodide and the result was in agreement with this 

trend* ( A^f « 43.1 - 1.2 kcal at 920°K). it will be shown 

later that the results of the present work on lithium fluoride 

also agree with this trend*

No spectroscopic evidence of dioerisation has been
Rice & i 

found* ? Klemperer (1957) calculated that it should be possible

to detect the presence of dimers from the infra-red 

absorbtIon spectrum but found no evidence of dimerisatioa

Honigt Handel* Stitch and Townes (1934} state that the 

internuclear distances of the alkali halides measured by 

electron diffraction have been consistently higher than those 

obtained from micro-wave spectra* Since we should expect the 

internuclear distance in a dliner to be higher than that in 

the corresponding monomer, they consider that this is evidence 

in favour of the existence of dimers in the vapour*

effect of dimerisation on the present results.

Consider the sublimation to a mixture of monomer and 

dimer of one sole of a crystalline alkali halide MX; C )« 

the fraction of monomer which is associated to ^imer be$*



Using the third law treatment

(1)

where s» is the heat of sublimation of one mole of crystal 

to a mixture of monomer and ^i^e* , S (g)ffi Is the entropy of 

the mixture of gases* and s (c) is the entropy of the crystal.

®( a \m a (1 - o/te, - Rln p«.) «• £ (SD - Rln p*/ vgjffl '> 1 *IL 2 ^ (2)

Suffixes 1, and 2 refer to monomer and dlara* respectively.

- Rln p ) «> i (S^ - Rln p ) - S( j
' .«&. j«» CM fib ' ^

RT R

all quantities are measured at the temperature T.

The experimental second law value .of the heat of subli­ 

mation is produced by plotting log (Pi +^2 ) against VT and 

as can be seen from equation (3) above cannot be identified 

with the heat of sublimation to a mixture of monomer and 

diiaer ^ indeed, since it is improbable that S will remain 

constant with temperature, it is unlikely that the line will 

be straight. From the results of Miller and Kuech, the heat 

of sublimation of the ^i^er xa usually greater than that of 

the monomer so we should expect the curve to become steeper 

at higher temperatures as the heat of sublimation to <3imer 

makes a larger contribution to the observed slope. At the



same time, if dimer forms a significant portion of the total 

vapour pressure an erroneously large pressure will have been 

used in evaluating the third law value of the heat of subli­ 

mation assuming that the vapour consists wholly of monomer, 

resulting in a heat of sublimation by the third law treatment 

that is too small. It appears therefore, that lack of 

agreement between the experimental second and third law 

values of the heat of sublimation gives a qualitative 

indication of the presence of polymerisation in the vapour.

Prom the thermodynamlc cycle
Aild

2MX(g)

2MX(o)

d + RT M

where AE. is the energy of dimer isation, 

Also, for the reaction

AG° a AH - T

or - RT In Kp = - RT In

Pa
If therefore we have values of AH,, the standard entropies 

of monomer and dlmer, and the total pressure of monomer and
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dime? we have sufficient information to calculate the 

pressures of monomer and dimer . By inserting the value of 

p^ into the third law treatment for the heat of sublimation 

to monomer in place of the total pressure of monomer and 

dimer formerly used, the correct heat of sublimation is 

obtained.

G'^onski and Higuchi (1955) have calculated the energy 

of dissociation to gaseous ions of the dimer Hag C^ "by 

extending Rittner f s (1951) treatment of the diatomic molecule.

They found that the structure was a rhombus of apex angle
o ° 

105 ; the intemuclear distance haying increased from 2.3606A

in the monomer to 2.59A • It was hoped to calculate the 

energy of dimerisation of lithium fluoride using a similar 

model* The rhombic structure of apex angle 105° was used.

A rough calculation of the heat of dissociation to ions 

of the dimer was first carried out, excluding the effects 

of polarizability in order to -find approximately the inter- 

nuclear distance* The total energy, including the terms due 

to polarizability was then found for a range of internuclear

distances using the values given by Rittner (1951) for the
»

polarizabilities of the lone, and the constants A and {? in 

the Born repulsion term Ae^Vf • The vander Waals attractive 

term was ignored as being small*
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A « 436 ev» 
f » 0.311
<*, « . 029x1 <

where 06, is the polar izabillty of the lithium ion 

and 06^ is the polar! zability of the fluoride ion.

The minimum energy was found to be 16.99 e.v. at an- 

intemuclear distance of 1«9X • Rlttner gives the energy 

of dissociation to ions of the diatomic molecule as 7*73 e.v t 

so using this value, the energy of the process

F ^=^ 2 UF

is 2x7.73 - 16.99 « -1.53ev. » 34*5 Kcal at 0& . If the 

dissociation energy for the diatomic molecule given later in 

this thesis is used the value of 1*3 e.v. or U1»U Kcal is 

obtained for the energy of dim eri sat ion at cPK , It was 

obvious therefore! by comparison with the results of Killer 

and Kusch that this treatment does not give a useful value of 

the energy of dime ri sat ion, therefore the following treatment 

was used.

Equation (6) gives the pressures of monomer and diraer 

in terms of the total pressure and the heat of dimerisation. 

It is supposed that the standard entropies of monomer and 

diner can be calculated. If a value of AH^is chosen, 

the pressures p^ and P£ are immediately defined, and p^ can 

be used in the third law calculation of the heat of sublimation 

of monomer. Furthermore, If the pressures p^ and P2 are



151

calculated at two temperatures » the values can be used in 

the Clausius~Clapeyron equation to find the heats of sublima­ 

tion to monomer and to dimer (second law values) • By 

varying AH^ f the heat of dioerisation, until agreement is 

obtained between the values of the heat of sublimation to 

monomer from the second and third law treatments, estimates 

of the degree of dimer isation, the heat of dime ri eat ion 

and the heats of sublimation to monomer and dimer are 

obtained,

The change in AS, the energy of difflerisatlon» from 

0°K to 1050 jK for lithium fluoride was calculated to be only 

0*75 kcal/roole, so AK was assumed constant over the range 

of the experiment*

The standard entropy of the monomer at 1mm pressure was 

calculated using the following equation

(S°)T * **« 57566 /% log M * 7 log T * log I * Hl.2Qtejr+ S(Ein3 t)|
*t **

where If = molecular weight in atomic weight units

1 SB moment of inertia in e.g. e units

s(Einst) a vlbrational entropy* 

For the dimer a similar equation was used (Xelley (19U9))

^.57566 A log M ^ ** log T * 1 log

+278.

where It I . > *$ are the moments of inertia about the three
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principal axes of the molecule. &- , the symmetry number has 

the value k in this case* In calculating the moment of 

inertia, O'Konski and Higuchi's(l955) planar rhombic structure 

of apex angle 105° was used with intemuclear distances 

greater than in the monomer for all cases except lithium 

fluoride which has already been discussed.

The vib rational entropy per vibrational degree of 

freedom was found using the expression

*
~ In (1 - a )J

e - 1

where = hew

where h = Planck's constant 
c * velocity of light 
<%» vibrational frequency in cm** 1 
k a Bolt»mann f s constant*

2imra and Mayer ( J\9kk) proposed that of the six vibrational 

modes in the dimer » five are stretching modes and have the 

same frequency, and the sixth is a bending mode with a 

frequency of one tenth that of the stretching modes. In the 

present work the vibrational frequency was found using the 

expression of Birge and Hecke for finding the Internuclear 

distance (re ) of a molecule in an excited state when the 

intemuclear distance in a lower state is already known

t» = y T e 1- re 1 e 2 ' e 2
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In the expression of Birge and Hecke the suffixes 1 and 

2 refer to the two states of the molecule* In tlois case 

they refer to the monomer and dime* respectively, For 

lithium fluoride rea was determined by the theoretical 

calculation using the method of O'Konski and Higuehl (1935)» 

described above* For the other molecules considered, the 

internuclear distance in the dime* was assumed to be 10$ 

greater than that in the monomer. This equation is obviously 

not strictly applicable to the present case since it applies 

to two states within the same molecule» and here it is 

applied to the same bond in two different molecules* However* 

it is probably a reasonable approximation.

The standard entropies of monomer and dimer were 

calculated at the extreme temperatures used in the third law 

treatment of the observations, a plausible value of AS, the 

energy of *&& erisation was chosen by reference to Miller 

and Kusch (1956) and this was then varied until agreement 

between the second and third law values of the heat of 

sublimation of monomer was obtained using the method described 

above*

The degree of 3ia erisation in the vapours of lithium 

fluoride, sodium fluoride, potassium fluoride and potassium 

chloride was studied. Ho such study was possible for 

rubidium and caesium fluorides since the entropy of the 

crystalline substances at 296^ had to be estimated. Miller



and Kuech found a eiuell degree of dimerisation in the 

vapourB of rubidium salts and none in those of caesium salts.

The results of the calculations are shown in Table XLVI 

The experimental heats of sublimation are those calculated 

directly from experimental results ignoring the presence of 

citner 0 rj»ne corrected results are those calculated including 

the effect of dimerisation.



TABLE 
XLVI

Sub­ 
stance

L
iF

N
aF

KFKC1

!1 
-
 

-.-

T

1000

1120

1030

1165

900

1020

830
9*K>

E
xperi A

 H
^o 

m
ental 

s ^
8

2nd lad

70 .k

68.9

59*0

53.85

3rd 
law6

M67.1

57.6

52.7

C
orr- A

 H—
ft

ected 
s ^

2nd 
lav

66,7

67.9

58.1

53-9

3rd 
law

66,3

67.3

57.8

53.3

AET
K

cal/ 
m

ole

535352521*5^5^91*9

KP
t

mm
Jf

5.22 x 10-3
9.M

3 x 10-2
1.13 x 10-2
0.196 x 10-2
1.03 x 10-2
0.195 x 10-3
1.^86 x 10-2
*f^36 x 10

Pmm
-if

7.^2 x 10•2
2.79 x 10-if
7.55 .x 10-2
3.11 x 10-if
7.2^ x 10-2
2.78 x 10-1*
6.^7 x 10-2
2.56 x 10

pimm
-if

k.lh
 x 10-2

1.22 x 10-If
7.10 x 10-2
2.73 x 10-*+
6.79 x 10-2
2A

7 x 10-^
^.88 x 10-2
1.82 x 10

P2mm
.L

f
3.28 x 10-2
1.57 x 10-*f

A
5 x 10-2

.38 x H>-H
-

>5 x 10-2
.31 x 10-^

1.59 x 10-2
0.71* x 10

p̂.42

.56

.06
.12

.06

.11

.25

.29 1ifi
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Discussion of the method*

The method is obviously not very accurate. In the 

first place it is difficult to estimate the vibrational 

entropy in the dimer » which is a large fraction of the 

total entropy of the dimer • Miller and Xusch (1956) used 

the method described by Zirma and Mayer to calculate the 

entropy of potassium chloride dimer a* 933°K on& obtained 

the value 115 i 6e.u,at a standard pressure of 1mm. Their 

experimental value was 112.7 - 1*1 e«u* This agreement may 

be fortuitous, but it seems to show that the assumptions 

regarding the vibrational entropy are fairly good.

The sensitivity of the method in determining the 

partial pressures of monomer and dimer appears to depend 

upon two factors.

a) For potassium chloride, it was found that a postulated 

change in the fraction of the pressure due to monomer from 

0.91 to 0.71 produced a change of only 0.35 Kcal/fflole in the 

heat of sublimation of monomer by the second law. The 

reason for this appears to be that for this substance the 

heats of sublimation of monomer and of dimer are very 

similar. If they were identical the ratiop^ fa would remain 

constant with temperature f and no matter what value of p* / 

were proposed* the heat of sublimation of monomer obtained 

using the Clausius-Clapeyron equation would remain the same 

In fact it is not as simple as this f since the ratiop.
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changed by assuming a different value of £H which 

alters the relative values of the heats of sublimation to 

monomer and to ^imer g

The method is insensitive in the case of potassium 

chloride since the second law value changes only slightly 

with change in the ^1/^2 ratio and the fitting of the second 

and third law values is done mainly by change in the third 

law value which is insensitive to changes in the value of p^ 

This makes the method prone to errors in the measured 

pressures*

In the case of lithium fluoride it was found that the 

heat of sublimation of monomer was considerably smaller than 

that of the ^i®©*. If an increase in the degree of

®* erisation was assumed, the calculated second law value 

of the heat of sublimation to monomer decreased, while the 

third law value increased* It was possible in this case to 

get a much more accurate estimate of the degree of ^m erlsa~ 

tion, since for a given change in the *i/$2 ratio* the second 

and third law values of the heat of sublimation move in 

opposite directions, and errors in the measured pressures 

are less important*

The method is, it seems* more sensitive when the 

difference between the heats of sublimation of monomer and 

dimer IB large,

b) The accuracy of the method depends on the magnitudes of



and P«>. If it IB assumed , say, that the concentration 

of monomer is very small* then the pressures of monomer 

calculated at the two experimental temperatures will be very 

small and may be of the order of the experimental error. 

The second law value of the heat of sublimation calculated
i

from these two pressures using the Clausius Clapeyron 

equation will be inaccurate* Maximum information on the 

heats of sublimation of monomer and 6l8i©r would seem to be 

available when the pressures of monomer and <3isier are equal. 

If information concerning the monomer only is required then 

a small degree of ^imerisation js desirable.

The dissociation energy of the alkali fluoridee.

Prom a thermo chemical cycle the following expression 

is obtained for the heat of dissociation to atoms of the 

alkali fluorides*

D(ifr-F) = £D(P2) + Qf(MP) + L(M) - L(MF) 

and D(M*+ F~) » D(M+F) * fi(F) - I

where D(&+F) is the heat of dissociation to atoms of the 
alkali fluoride.

D(F_) is the heat of dissociation to atoms of fluorine gas.

Of (IIP) is the standard heat of formation of the alkali 
fluoride*

L(M) is the heat of sublimation to atoms of the metal* 

L(HP) is the heat of sublimation of the alkali fluoride. 

I is the ionisation potential of the alkali metal.
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E(F) is the electron affinity of fluorine.

F"") is the heat of dissociation ,to ions.

Qf(MP) L(M) L(MP) I E(P) D(M+ P)

LiP 18.7 11*6.3 36.U466.3 125.79 82.8 132*1 175.1
NaP 18.7 136.0 25.98 67*1* 119*98 82.8 113.3 150.5
KP 18.7 134.46 21.51 57.8 101.55 82.8 116.9 135*6
RbF 18.7 131.28 20.51 55*6 97.79 82.8 115*1 130.1
CsP 18.7 126.9 18.83 48.7 91*26 82.8 115.3 123.8

°K 
All quantities are measured in kcal/Wle at 298*16

Notes;- The dissociation energy of fluorine was determined

by Does c"er (1952) and his value was corrected by Barrow and
°K 

Gaunt (1953) to 298 . Values of the heat of formation of

the alkali fluorides, and the heat of sublimation of the 

alkali metals are taken from the National Bureau of Standards 

Circular 500 (1952).

The ionisation potentials of all the metals are taken 

from Moore (1949)1 The electron affinity of fluorine, was 

found from a Born-Haber cycle on each of the alkali fluorides 

using the lattice energies (A) given by Evans, Warhurst and 

Whittle (1950) who have corrected the values of Muggins (1937) 

to room temperature.



140

E(P) a Q(MP) + L(M) «• I * JI3

LiP NaP KP RbP

Q(MP) 146.3 136.0 134.46 131.28 
MM) 37.07 25.95 21.52 20.50 
f t v 125.79 119.98 101.55 97.79 
iB(F,) 18.7 18.7 18.7 18.7 
U 245.1 216.4 193.2 183.4 
S 82.13 84.23 83.03 84.88

mean value of £ « 82.8 fecal/mole.

<PZ ) - U

CsP

126.9 
18.83 
91.26
18.7 

175.9 
79.79

Comparison between thermo chemical and spectroscoplc

values of the dissociation energy.

The ultra violet absorption spectra of potassium 

rubidium and caesium fluorides were studied by Barrow and 

Gaunt (1953) whose values for the dissociation energy are 

compared below with the the rmo- chemical values calculated 

in the previous section.

Spectroecopic Thermo chemical

KP 122.6 kcal/wole 116.9
RbP 125.7 " 115.1 tf
CsP 129.9 M 115.3 M

In each case, the spectroscoplc value is higher than 

the thermo -chemical.

The ultra violet spectra are formed by transitions 

between the stable ionic ground states and weakly bound 

upper states which dissociate to neutral atoms. These 

upper states are either purely repulsive or have very 

shallow minima. Barrow and Gaunt had to assume that at the
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highest vibrational^quantum numbers observed the upper state 

curve was horizontal. They then plotted (cy1 * voba) against 

the vibrational quantum number v, where Gv"ls given by 

GV" -».(» + i) - «,* e <*» + ^ + y a»e <*"

choosing values of We , the vibration frequency and 

until the curve produced had the shape expected of the upper 

state potential energy curve* It seems in fact, that the 

upper states are more repulsive than they supposed. This 

would give values of the dissociation energy-more in line 

with the thermo-chemical values and would also require smaller 

values of the vibration frequency. Barrow and Gaunt f s 

values of this quantity are higher than those obtained by 

Klemperer, which is a further indication that the energies 

of dissociation are lower than the values they give.

halide The binding energy of the alkali molecules from the
classical electro etaticmodel.

The theory of ionic lattices developed by Born and Mayer 

proposes that the forces between ions can be divided roughly 

into two parts:

a) attractive, consisting of purely couiom lc terms and 
terms due to polarization etc.

b) a short range repulsive term.

Rittner (1951) applied the principles of the Born 

lattice theory to the alkali a e gas molecule and was able



to account satisfactorily for several of the important 

properties of the molecule. Two types of repulsive term 

have "been used in the classical theoretical treatments of 

ionic molecules:

a) the Born relationship B(i') = b/y* where b and *• are 
constants*

b) the Born-Mayer relationship B(f) « Ae~ ' where A is a 
constant for each substance.

Rittner used the exponential expression. Varshni has

recently used the electrostatic uodel to calculate values

of the rotational constant o and the vibrational constant

for the alkali ^ r . , ^- B and used "both forms of repulsive
li -* JLJUVI v. 3

term. He concluded that the exponential function gave better 

results.

Rittner f s expression for the binding energy U of a 

gaseous diatomic »- molecule is given below (equation 1).

U =-- „ _ _
* ?•+* +1 & o^ r T T 2 a

where e is the charge on each ion
ofr, > 0^2. are the polarizabilities of metal and

ions respectively 
c is the van der Waals constant 
A and P are constants 
Vo is the vibration frequency 
r is the internuclear distance.

The terms not already referred to are a van der Waals 

attractive term, and terms representing the difference in 

translational rotational and vibrational energy between the 

molecule and the free ions from which it is composed.



The "binding energy of the alkali fluorides was calculated 

using up to date values of the quantities in the above 

equation.

The values of the polarlzabillties used were those given 

by Tessman Kunn and Shockley (1953).

London (1930) and Born and Mayer (1932) have stated 

that the van der Waals constant c may be calculated from the 

equation

c = 3 *,*

where £ is the second ionlsation potential of the alkali 
metal

£ is the electron affinity of the na i o|reiii 

Born and Mayer (1932.) found that the London dispersion 

forces calculated using tue value of c so obtained were about 

50^ too low, Mayer (1933) reconsidered the method of 

calculation and gave new values for c, In the present work 

the precept of Rittner and Yarshni was followed and C was 

calculated using equation (2)* For caesium fluoride, the 

binding energy was calculated using Mayer f s value of c and 

also using the calculated value which was about one third 

of Mayer 1 s value* The difference between the resulting 

values of the binding energy was 0*5 kcal/mole.

The value of p used was that given by Rittner (p = 0.311 )
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The constant A was found for each molecule "by differentiating

equation (1) and equating to zero for minimum energy.
o

The binding energy was corrected to 298 K as follows.

The summation term denotes the difference, at 298 and at 0°K 

between the heat content of the molecule and of the separate 

ions.

Now H = E + PV = E -t- RT.

For a molecule of gas, H » f RT + E£ where B^ is the 

internal energy.

For both ions and for the molecule, the electronic
4

states are singlets so that the electronic contribution will 

be zero.

For each ion H « | RT.

For the molecule H = i RT +
e

where c « velocity of light and k is the Boltzman constant,

Z <H® - H® ) « 3 C R X29S.16)-*- 298 o
*• 6

The results of the calculations and the quantities used 

are given in Table XLVII below.



Table XLVII

c A Uo U0A2Q8
^x cm3,x erg x erg,? A erg* erg x cal° thermo-

* IP m I2 nn5° 1° chemical
10 A* 10 10 seal/mole*

I^F .03 0.64 121.141 5.751 1.527 0.25 58.631 177.8 175.1 2.7

NaP O.U1 75.759 1.8^0 2.1011l|..^6 155.3 150.5 4.8

KP 1.33 50.959 2.129 6.60233.58 1U0.6 135.6 5.0

RbP 1.98 43.751 2. 21|6 9.66320. 18 136.0130.15-9

CsP 3.34 37.487 2.^5315.991*85.10 132.1123.88.3

In the first instance the binding energy was calculated 

omitting the van der Waals attractive energy, the zero point 

energy and the term in tf/,o^ in the calculation of both A 

and the binding energy. The greatest difference between the 

energy so calculated and that calculated including these 

terms was 1.2 kcal/oole for caesium fluoride.

There is a systematic increase in the difference between 

the experimental and calculated dissociation energies from 

lithium fluoride to caesium fluoride. This seems to show 

that there is some defect in the model. It would appear that 

possibly the COulombic fo*0©8 n&ve been over estimated and 

that for the heavier metallic ions screening of the nucleus 

has become more pronounced.
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Introduction.

The C2 molecule has considerable astrophysical importance; 

its spectrum has been observed in the sun and other stars, and 

in the tails of comets* It is therefore of interest to 

determine its constants as accurately as possible. Two 

series of spectra are observed arising from singlet-singlet 

and triplet-triplet transitions, and so far no inter-combina­ 

tion between these two series has been observed* There is 

therefore some doubt as to the relative energies of the 

singlet and triplet levels.

The Mulllken bands occur at wave lengths in the region 

of 2300 A, and arise from transitions between the ground 

state of the singlet series 2Id and the ^ a. level* They were 

first reported by Mulliken (1930). Subsequently they were 

measured by Horl (1934) and the first complete analysis was 

carried out by Iiandsverk (1939).

Plates of better resolution than those used by earlier 

workers became available, and it was hoped that besides 

extending the analysis to higher J values and hence obtaining 

better values of the rotational constants, it might be possible 

to detect perturbations of the singlet levels by the triplet 

levels* These might yield evidence for the relative energies 

of the two systems.

Phillips has analysed the band system due to transitions 

between the ground state Zj and the
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The plates used were taken at the University of Stellenbosch 
South Africa by Professor P.B. Seeraan using the fourth order 
of a 21ft. concave grating. The spectrum was excited by 
passing a discharge through a mixture of lxm*«n« vapour and 
argon. The comparison spectrum was an iron arc in the 
second order*

The bands.

The system consists of a series of headless bands.
'T T"

Since it IB a £- - /L transition, no Q branch is produced. 
Cg is a homonuclear molecule with zero nuclear spin, and 
therefore alternate lines are ml SB ing, only those of even J 
being observed.

Heffiod.

The methods used to analyse the rotational structure of 
bands have been dealt with very adequately by Herzberg (1950). 
Definitions of the symbols, and proof of the equations used 
here will be found in his work.

The frequencies of the R and P branches are given by 
the following equations

H branch: V s ?o + *v <* + D- V '<J) " R(J)
P branch: Y B *o «• F^ <J - 1)- */' U) » P(J) 

here J is the rotational quantum number in the lower state.
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Firstly, the combination differences for the upper and 

lower states were found using the relations

R(J-i) -

R(J) - PU) 

How

Therefore a plot of 4 F(J) against (J+i) 2 has a slope of 8D
" «*

and an intercept of (UB - 6DV )» Phillips 1 bands have the 

same ground state as the Mulliken bands and the combination 

differences from his work were combined with the present 

results to give the rotational constants & v and Dv for the

'Xt state* Values of B and D for the upper state were 

found from values of A 2 F (J)« These first values of the 

constants were used to calculate the position of lines in the 

P and R branches which had not then been identified*

The band origin was found, and the differences (0^ - B^ 

and (D v - Dv/" ) were found more accurately by plotting 

R(J) * P(J) against J(JH-. According to the following 

relation

R(J)«-P(J) » 2V0 * (2B^ - Wj ) + 2 (Bj - B - 6DV' ) j(JH>

- 2

The result was a curve whose departure from linearity at 

high J numbers gives the value of (Dj - D'' ).



The slope of the straight line produced by plotting 

R(J)+P(J)+2(D V' - DY' )J2(J*l) 2 against J(J+1) gave

(B(, - B1̂  - 6D^). These differences (By - B y" ) and
i " 

(D v - D tf" ) were combined with the accurate values of Bv and

D^1 for the loner state from the combination differences to 

give Bv and B'V •

The values of B and D were father refined by

calculating the positions of the R and P branches and 

adjusting the values of the constants to obtain the best fit 

with the experimental measurements.

The positions of the l^k and 5*5 bands were found by 

extrapolating the graph of the frequency of the E line at 

any particular J value against the vib rational quantum number.

Results*

No evidence for perturbations was found* The analysis 

has been extended to the k-U and 5~5 bands.

The results are given in Tables 1 to 6. In Table 7 the 

rotational constants are given. All frequencies are in cm .

In Tables 1 to 6 are listed the observed frequencies, 

with the differences from the calculated frequencies, of the 

R and P branches for each band* An asterisk denotes a 

blended line and a letter d following the nurober represents a
*

diffuse line* ^ 2 P <J) f for each band is also listed. 

including^ where relevant^ Phi Hips 1 values* Wherever possible,

second differences derived from blended lines were not used
u , * 

to calculate B t/ and D .
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TABLE 1 

fl — Q Band

«T-T
Phillips * z- 

R(J) o-o P(J) o - c J 2fO. 3,0 0,0 mean

o »*
2

6
8 

10 

12

16

3230.61

38*01

^.^7 
52.91* 
60*76
68*38* 
76.10*

92.07•
18 U3300
20
22

08
16

.07

.33
•5**

-.01 

+ *02

+*Q3 
-•06

-*2i* 
-*09

+*OQ

-.07
+ .07

+.06
2*f 2^*81 +*0**

26
28
30
32
olf,

^6
-ag

UO

If2 U

33 •_>»/
jj.ii

50
58
67
75
8.

93

.20

•5^
.03
*59
.25
.86
.61
.21
.10

+*Q8

+*00

+*01

+*02

+*09
+*05
+.10

-.01

+*0*f

19
12

05 
**3198

91
85 
78
71
65
59
53
1*7
Uo

*60* -*15 
,57 -*06 
,61* +*02 
*65 -*03 
.79 ~*06 
*16 +,0** 
*51 +*01 
.91 -*07
*5** ***02

.20* -*0*f

*06* +.03

,02 +,05

,90 -.03

1
3 
5

9 
11 
13 
15

25*3^ 
39*83

68*79 
83*21 
97*66 

112*11

39

68

83 
97

.87

•82

.22

.65

17 126.»»9
19
21

23

25

1H0.86
155.26
169.57
183.82

lUo
155
169
183

*87
.23
.V?
.78

25M 

68*97 

112.22
126*53

169. b'2

25*39 
39*85

68*86 
83*22
97*65 

112*17
126*51

1*<0*87
155.2**
169*52
183.80

27 198.3D 198.06 198.19 198.12
35*01 -.01
29
23
18
12

07
01

^3096

,29 +*06
,^3 -.10
,03 nosw ^r v -^

*^5 -*oi
,0^- -.03
.7** — .0^-
.58 -.02

29
31
33
35
37
39
u»1

|« *J

212*30
226 AS

212

2M>

2$*

268

.2**

.56

.62

.70

212*25

226.60

2^0*56
25^.80

263.82

282,87

296*63
310.59

212*26
226, Jft
2**0*56
25^*71
268*76
282*87
296*63
310.59



J

M*
V6

V8
50
52
5V
56
58
60
62
6V
66
68
70
72
7V
76
78
80

R(J) o

10.95
19.72

28*61

37. V6
V6.23
55.22

6M5
73.16
B1.78
91.03

V350Q.16
08.97

17.79
26.72ft

35.50
W.25

52.95
61.50
70.26K

- c

+.08

+ .02
+.0*f

-.01

-.16
-.10

-.21

-.05
-.38
-.07
+.1V
+.OV

-.02

+.07
+.01

-.02

-.05
-.17
-.ov

AT (j)
.r_'r Phillips * *- 

P(J) o - c J *>0 3,0 0,0 mean

91.51 +.01 V̂5 
86.63* +.13 ft a oa1^7 33».°o 330.UO 
81.6W +.OW ^ 35i^ 351>82
76.79 +.01 51 365*33 3o? .33
72.13 +.06

53 3/°. c*"'-5' o » ow 
67.^3 -*01

erer55 
62.60 -.31 ^ ^0^72 UQ^7i,
5B.33 -.11 % x l% „,59 U19.16 V19.16
>u.oo -.07

61
V9.73M -.05 ,

63
V5.33* -.2V

65
^1.08d -.36

67
37.V7 +.1*

69
71
73
rig/5

77
79
.^i

82 (78.72) 

8»f (86.73) 

86



ffABLE 2 
1-1 Band

j

0

2

H
6
8

10
12
1H
16
18
20
22
2*f

26

28

30

32
3^w
36*j^
38
HO
**2

M+
H6

B(J)

^3212.08

19^5
26.92
$+M
M.91
H9.71*
57.^9
65.36
73.27
81.16
89.29
97.38

^3305.61
13.79
22.13
30.^9
38.85
*+7.2a
55.86
6*f.37
72.90
81.M*
89.99

0-0

+,01

+ .02

+.0**

-.02

-.Ifc

+.00

-.02

+ .00

-.01

-.11
-.03
-.05
+.01

-.06
-.01

+.01

+,00

-.02

+,10

+.10

+*09

+,05
+,01

P(J)

^319^.07
86.97
80,05
73.13
66.32
59 .to*
53.06
^6.^
Uo,20
33.80
27.76*
21,35*
15.36
09.31
03.51*

V3097.85
92,29
86.63*
81,26*
75.98
70,73
65. &
60,31*

o - c

+.05
+.02

+.08
+.02

+,01

-.21

+.05
+.0lf

+.10

+.02

+.10

-.09
-.0*+

-.16
-.!*>
-.05
+.0^

-.07
+.02

+ .12
+,!**

-.07
+.00

Phillips 
J 3,1 M

1 10 .79
3 2>+.95
5 39.^ 39.^5
7 53.79 53.75
9 67.99

11 82.M 82.36
13 96 .7^ 96.68
15 111,01 110.96
17 125.32
19 139 >3
21 153.55
23
25 181.96
27 196.01
29
31
33
35
37
39 '
«H
»e
U5
*7

L.- L. 
Ifl

10.7
25.11
39* to
53.79
68.09*
62.51*
96,67

110.95
125.16
139.^7
153. to*
167.9*+*
182.02

196.30
210 .28*
22*t,28

238,20

252.22*

266.02*

279.88
293 .6**

307.56
321.10*
33^.57



TABLE 2 (continued) A ^nfrriBMWMHMMM* -^ ^ e,

Phillipsimiiips 
R(J) o-c PU) o - c J 3 f l S- 1,1

i*d
50
52
$*
56
58
60
62
6k
66
68
70
72
7k
76
78
80
82
Bk

86
38

96.61
k3to7*$*

M5.77
2>f.61

33.08
kl.75
50.25
58.95
67.50
76.08
8^.87
93.17

^3501.70
10.19
18.61
26.72*
35.50*

(*6.33)
(51.39)
(59.86)
(67.^2)

+.02

+.02

-.09
JL inT .J.U

-.08

-.06
-*19
-.12

-.17
-.16
+,07
-.02

-.08

-.02

+.03 *
-.17
+.37

55.lf2 +.12 La )UA 9<>«ty ^"to.tfipn
50.36R -.01

51 361.91* 
^5.33* -•'•*>

53 375.77
55
57
59
61
63
65
67
69

739 •**

rye;
*'

77
79
81
83w»j
ACT0?

87



ABLE 3
A »" 

-"M* Phillips 2
R(J) o - c P(J) o - c j. 5|2 2,2 mean

0 
2 H3186.2H 

^ 93.65
6 H3200
8

10

12

03

15
23

.99

.36

.83
•M

1^ 31.09
16
18
20

22

2H

38
H6
5H
62
70

.86

.77
*H5
.31
.H2

-.08 1 

+.05

-.03

-.03
-.07
-.02

-.05

+.01

+.13
-.02

-.07
+.08 ^

+3168 
61
5H
3U.*7

HO

3H
27
21

1H
08
02

>3096

.51

!sH
.90*
.35
.76*
.35

.50

.29

.2H

+.05
-.OH
+.12

-.06

+.05

+.02

+.10

-.05

-.06
Qll

•4* O»4

1
3
5
7
9

11
13
15
17
19
21

23

39.01 39
53.^8 53
67.32 67

a.5H >i
95

109
12H
138
152

166

.15

.15

.H6*

.H8

.69*

.7H*

.05

.27

.16

.07

39.08

53

12H

138
152
166

.32

.05

.27

.16

.07

>it na ^ »* « w 2? 180.26 1^0 «2626 78.31 -.OH 90.16 -.01
28 86.38 -.05 8M5- +.09 ^ 193 *96"

29 208.02* 
30 9^3 -.11 78.36* -.01
32 «t3302.62 -.09 72.66 *.0>f 31 221 *6? ^'^
3H 10.89 +.00 66.97 +.06 33 235'6? «»•«

36 19.16 ..03 61.39 +.07 3* ^^ ^^
38 27.1*2 +.02 55.8* +.09 3? **'3 * 263 '32

39 277 »06* 
35.68 -.OH 3D .36* -.02

U5.33- +.26 Vl ^-35«

+.05 HO .00 +
60.80 +.01 3MO* +.23 !* 317 * 58 317 ' 58

331.11 331.11



TABfrE 3 (continued)
••BlPMWW^^^^^^^^^^^

* R(J) o - c KJ)
V8
50
52

5V
56
58
60
62
6V
66
68
70
72
7V
76
78
80
82
8V
86

69.18 +.00 29.69
.» ' " •

77.77 +.19 2^.72
85.96 -.0V (19.89)

,,
9^.37 -.03 (1^.37*

^3^2.80 -.02 (09.5*0
10.95» -*29
19.72* +.09
27.95 -.0**
36.72 +.37
Mf.65 -.03
53.02 +.05
61.H2 +.20
69«*+5 +.01
77.63 -.01

(8^.91)
9^.2^

*f3501.70
10.19*
18.61*
26.72*

o - c

+.13
51
53
55
57
59
61
63

, 65
67
69
71
73

77
79
81
83
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TABLE k

3 ~ 3

J
0

2

H-

6
8

10
12

1H

16
18
20

22
2*f

26

28

30

32
3**
36
38
Ho
te
I4f

R(J) o - c

^315^.50 *ai
61.51* **00
68.6% ..05
76*03 * 0o7
83 a9 -ao
90*69 *.oo
98.28 *.13

^3205*61* -.07
13*38 *.la
20.90 -.02

28.7** +.12

36.^9* *ao
Mf 22 * 10

52.19 +.16
60.16 **30
68.38* +.11
76.10 *.09
8H.13* -«07
92*07* -a9

300.07* -.11
08.33* -*09
16.5% ~.08
2^.81* *,09

P(J) o - c

**3lV3.8*f
36.89
30.11
23.^3*
16.63
09.88
03*51*

^3097*0** *.00
90.67 «*02
8^.35* -.05
78*36* *.13

* 01

66.21 *.09
60.31* *ai
5HA? *.10
H8.75 ^.03
^3*13 **".16
37 A7 ^.07
32*13 +.20
26,59 +.0^
21.52* +.25
16 a9 +*09

J

1

3
5
7
9

11
i-a*%>
15
17
19
21
23
25
2?
29
31wf**"

33«/*'
35** <r

37«*•
39«/x

lA-lj

3

^ t? ' T \L+rjT i« V /

2^,62

3B.53
52.60*

66.56
80.81
O^4- *77^

108.57*
122.71
136*55*
150.3^1
16^.36*
178.01
191.88*
205.69
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